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Advances in medicine and improvements to quality of life have led to an increase in the life expectancy of the 
general population. An ageing world population has placed demands on the use of assistive technology and in 
particular towards novel robotic assistance and rehabilitation devices. In order to achieve their functionalities, 
such robotic devices highly rely on sensors systems, which indicate the necessity of novel sensing solutions to 
cope with the continuously increasing performance standards of healthcare devices.  
Besides the electromagnetic field immunity, polymer optical fiber (POF) sensors have additional advantages 
due to its material features such as high flexibility, lower Young’s modulus (enabling high sensitivity), higher 
elastic limits and impact resistance. Such advantages are well aligned with the instrumentation requirements 
of many healthcare devices and in movement analysis. Aiming at these advantages, this Thesis presents the 
development of POF sensors for healthcare devices. The sensors are developed using two different (and 
complementary) approaches: (i) Intensity variation-based sensors for low-cost and portable systems; (ii) Fiber 
Bragg gratings (FBGs), which were inscribed using a femtosecond laser through the direct write plane-by-
plane inscription method, with the goal of taking advantage of the multiplexing capabilities and high precision 
of FBGs. 
Even though POFs presented the aforementioned advantages on sensing applications, polymers by their very 
own nature are viscoelastic materials, which do not have constant response with stress or strain. Such behavior 
leads to creep, hysteresis and nonlinearities on POF sensors when the fiber is under stress or strain. In order to 
compensate these effects, first, a dynamic mechanical analysis is made on two different POF materials: 
polymethyl methacrylate (PMMA) and cyclic transparent optical polymer (CYTOP) for the characterization 
of the viscoelastic effects on these fibers. After knowing the material properties, compensation techniques for 
undesirable effects on POF sensors e.g. hysteresis and nonlinearities, are proposed and validated in different 
conditions for both intensity variation-based sensors (using PMMA POFs) and FBGs (using CYTOP fibers), 
obtaining reliable sensors for dynamic measurements of temperature, humidity, strain, force and curvature. 
Then, both intensity variation- and FBG-based sensors are applied on the instrumentation of exoskeletons, 
active orthosis and smart walkers. In addition, two instrumented insoles were proposed: one for gait phase 
estimation in a functional electric stimulation system for gait assistance and the other for plantar pressure 
monitoring and ground reaction forces assessment using an innovative multiplexing technique for intensity 
variation-based sensors, resulting in a highly customizable and low-cost system with 15 pressure points.  
The proposed characterization method for POF materials, compensation techniques and applications in 
healthcare devices proposed in this Thesis pave the way for novel instrumentation approaches in robotic 
assistance devices using the proposed flexible sensors, which can be especially desirable not only in the rigid 
robots presented, but also in soft robotics applications. 
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Avanços na medicina e na qualidade de vida levaram à um aumento na expectativa de vida da população em 
geral. O envelhecimento da população mundial promove demandas em relação ao uso de tecnologias assistivas, 
em particular, em relação à novos dispositivos robóticos para reabilitação e assistência. Para atingir suas 
funcionalidades, estes dispositivos robóticos dependem dos seus sistemas de sensores, indicando a necessidade 
de novas soluções de sensoriamento para lidar com o aumento contínuo nos padrões de desempenho dos 
dispositivos de apoio à saúde.  
Além da imunidade à interferências eletromagnéticas, sensores baseados em fibras ópticas poliméricas (POF, 
do inglês polymer optical fibers) possuem vantagens adicionais relacionadas as propriedades do material, tais 
como flexibilidade, menor módulo de Young (permitindo maior sensibilidade), maiores limites elásticos e 
resistência à impactos. Tais vantagens estão de acordo com os requerimentos para instrumentação de muitos 
dispositivos de apoio à saúde e em análise de movimento. Visando essas vantagens, esta Tese apresenta o 
desenvolvimento de sensores baseados em POFs para dispositivos de apoio à saúde. Os sensores são 
desenvolvidos utilizando duas abordagens diferentes (e complementares): (i) sensores baseados em variação 
de intensidade para sistemas portáteis e de baixo custo; (ii) Redes de Bragg em fibra (FBG, do inglês fiber 
Bragg gratings) que foram gravadas usando laser de femtosegundo através do método de gravação direta 
plano-a-plano com o objetivo de aproveitar as vantagens de alta capacidade de multiplexação e alta precisão 
dos sensores baseados em FBGs.  
Embora POFs apresentem as vantagens supracitadas para aplicações em sensores, polímeros, por sua própria 
natureza, são materiais viscoelásticos que não possuem resposta constante em relação à tensões ou 
deformações mecânicas. Este comportamento resulta em fluência, histerese e não-linearidades na resposta dos 
sensores em POF quando a fibra está submetida à tensões ou deformações mecânicas. Para compensar esses 
efeitos, primeiro, uma análise mecânica dinâmica é realizada em POFs de dois diferentes materiais: polimetil 
metacrilato (PMMA) e polímero óptico transparente cíclico (CYTOP, do inglês cyclic transparente optical 
polymer) para a caracterização dos efeitos viscoelásticos nessas fibras. Após conhecer as propriedades do 
material, técnicas de compensação para os efeitos indesejados em sensores baseados em POF e.g. histerese e 
não-linearidades, são propostas e validadas em diferentes condições para sensores baseados em variação de 
intensidade (usando fibras de PMMA) e FBGs (usando fibras CYTOP), obtendo sensores confiáveis para 
medições dinâmicas de temperatura, umidade, deformação, força e curvatura. Então, os sensores baseados em 
variação de intensidade e FBGs são aplicados na instrumentação de exoesqueletos, órteses ativas e andadores 
inteligentes. Além disso, duas palmilhas instrumentadas são propostas: uma para estimar fases da marcha em 
sistemas para auxílio à locomoção baseados em estimulação elétrica funcional e outra para monitoramento de 
pressão plantar e forças de reação do solo usando uma inovadora técnica de multiplexação para sensores 
baseados em variação de intensidade, resultando num sistema altamente customizável e de baixo custo com 
15 pontos de medição de pressão plantar. 
Os métodos de caracterização propostos para os materiais das fibras, as técnicas de compensação e as 
aplicações em dispositivos de apoio à saúde propostas nesta Tese preparam o caminho para novas abordagens 
de instrumentação em dispositivos robóticos usando os sensores flexíveis propostos, algo que desejável não só 
para os robôs rígidos apresentados, mas também em aplicações de robótica flexível.  
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Chapter 1. Introduction 
1.1. Motivation 
The continuous increase of the life expectancy due to improvements in the quality of life and advances in 
medicine as well as the increasing interest in family planning and birth control policies in developed countries 
have led to a rapid and progressive increase on ageing of the world’s population [1]. According to the World 
Health Organization, by 2020 the number of elderly people (over 60 years) will be higher than the children 
below 5 years [2]. The population ageing also results in increase of clinical conditions that affect the human 
locomotion such as stroke, spinal cord injury, Parkinson’s disease and weakness of the skeletal muscles [3]. 
This scenario has pushed the boundaries for novel therapeutic methods and assistance devices for patients with 
locomotor impairment, which also result in the development of novel devices with the aim of monitoring 
parameters for human health assessment [4]. In addition, different devices for gait assistance and rehabilitation 
have been proposed [5], [6]. 
In order to offer independence and attenuate the effects of the human gait disorders, different gait assistance 
devices have been proposed throughout the years, e.g., prostheses [7], exoskeletons [8], orthosis [9] and smart 
walkers (SWs) [5]. The latter is generally used as a supporting device in the patients bipedestation, which aids 
in their balance and, thus, improving the mobility [5]. SWs present actuators and electronic components aiming 
to provide a better assistance to the users, where the functionalities of such devices include autonomous control 
with possibility of shared or manual control as well, sensorial feedback, higher safety and the possibility of 
monitoring the user’ state [10]. Among the wearable robotic devices for gait rehabilitation, lower limb 
exoskeletons show advantages over conventional rehabilitation therapies related to their higher repeatability 
in the rehabilitation exercises, possibility of treatment customization and quantitative feedback of the patient’s 
recovery [11]. In addition, wearable robots control strategies for human-robot cognitive interaction enable 
using exoskeletons as assistance devices for daily activities, which include the gait assistance [12]. 
The monitored parameters for human health assessment include foot plantar pressure, which provides 
important data regarding the human health condition [13]. With the plantar pressure assessment, it is possible 
to obtain a foot pressure distribution map, which plays an important role on the monitoring of foot ulcerations 
(of particular importance for diabetes patients). In addition, foot pressure maps enable measurements of foot-
function indexes such as arch index, which provide the evaluation of the arch type of each individual that is 
also related to injuries in runners [14]. Furthermore, the dynamic evaluation of the foot plantar pressure can 
also aid clinicians on the gait related pathologies diagnosis [15]. The gait cycle is divided into two main phases: 
stance and swing, which present many subdivisions [16]. The subdivisions of the stance phase can be detected 
by the plantar pressure variation and it is critical for the control of wearable devices for gait assistance [17], 
[18]. Additionally, the measurement and analysis of joint angles can provide benefits for clinicians and 
therapists, since it is used on the evaluation and quantification of surgical interventions and rehabilitation 
exercises [19]. In addition, such measurements can be applied for training athletes [20] and the kinematic data 
have been employed on the control of neural prostheses [21]. Furthermore, wearable sensors can be used on 
healthcare applications [22]. To that extent, significant advances in sensor technology, wireless 
communications and data analysis have enabled a change of scenario, where the health condition assessment 
is not limited to clinical environments [23]. Thus, it is also possible to monitor different physiological 
parameters for patients at home, which is especially desirable for the elderly population and people with 
locomotor disabilities [4]. Among many important physiological parameters, abnormalities on the heart rate 
(HR) and breathing rate (BR) are important indicators of some cardiovascular diseases [24], fatigue [25], apnea 
[25] and respiratory abnormalities [26]. 
In order to achieve their functionalities, exoskeletons highly rely on sensors systems, which generally are 
potentiometers and encoders for the joint angles assessment that have to be carefully attached to the device’s 
joints due to their sensitivity to misalignments [6]. For this reason, these sensors need mechanical supports 
precisely attached to the robot, which result in a less compact system [18]. Another commonly employed 
sensor technology is based on inertial measurement units (IMUs), but they need regular calibration [27]. In 
addition, the high sensitivity to electromagnetic fields can be regarded as an important disadvantage in 
wearable robots applications in which electric actuators are constantly activated [18].  
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Similarly, the electronic strain gauges employed in the assessment of human-robot force/torque interaction 
and actuator dynamics also have sensitivity to electromagnetic fields, need frequency calibration and require 
a careful attachment to the structure, where the strain/force will be measured [28].  
Microclimate conditions in the interface of the human body and the exoskeleton supports are also important 
parameters in wearable devices. Humidity and temperature must be monitored to minimize the injuries or 
pressure ulcers and improve the patient’s comfort while using the wearable device [6]. The electronic sensors 
employed in these applications usually lack in linearity or, in some cases, can present low accuracy and stability 
[6].  
Most of the disadvantages of the aforementioned electronic sensors are especially undesirable in soft 
wearable robotics, where robots are combined with soft materials for the development of novel actuators [29] 
and wearable solutions [30]. Such systems present the advantages of low weight and being inherently 
compliant with the user due to the soft/flexible materials used [31]. Thus, the sensors for these systems are 
constantly submitted to larger strains or deflections of the soft structure, which inhibit the application of non-
flexible electronic sensors [22]. In order to achieve the flexibility requirements of some sensors’ systems, 
different flexible electronic sensors have been proposed [22]. However, these sensors still have sensitivity to 
electromagnetic fields and generally need complex manufacturing techniques. 
Different control strategies for human-robot interaction proposed for SW are summarized in [10] and 
require different types of sensors. The sensors for the SW instrumentation can be divided into four main 
groups: force sensors for upper limbs strategies, sensors for kinematic assessment of the gait, odometry sensors 
and sensors for environment interaction of the SW. In the human-robot interaction considered in this Thesis, 
the SW tracks the human position to minimize the differences in their orientations and distances [32]. In this 
case, the orientation is obtained through IMUs positioned in the user’s hip and the cadence is obtained with a 
laser range finder (LRF) that detects the legs of the user, whereas two 3D force sensors are applied on the 
detection of the user’s movement intention [33]. Moreover, a light detection and ranging (LIDAR) can be used 
on the environment localization and mapping. 
For physiological parameters monitoring, several electronic sensors based on different approaches such as 
piezo-electric films, dry textile electrodes, flexible capacitive electrodes (among others) have been proposed 
throughout the years. Such technologies are summarized in some published review works [4], [22]. However, 
in general, as electronic sensors are sensitive to electromagnetic interferences, it inhibits their application in 
magnetic resonance imaging (MRI) [34] and can also present inaccuracies related to electromagnetic field 
produced on the constant activation of electric motors in wearable robots. 
For the plantar pressure and ground reaction forces (GRFs) monitoring, there are three major techniques 
for foot plantar pressure assessment: imaging technologies [35], force/pressure distribution platforms [36] and 
instrumented insoles [37]. Imaging technologies generally employ expensive equipment and complex signal 
processing [13]. In addition, these issues scale when the analysis is made in computed tomography machines, 
which, besides the high cost, inhibits the dynamic analysis of the plantar pressure [35].  
As a more affordable option with the possibility of performing dynamic analysis, force platforms are used 
on the plantar pressure assessment. These platforms generally have a matrix of pressure sensing elements 
arranged in a rigid and flat platform [13]. Even though they provide measurements of the foot plantar pressure 
and 3D dynamics, they also lack in portability, restricting the tests to laboratory or clinical environments, 
where there is a limitation on the number of steps per trial. This drawback inhibits the application on wearable 
robotics, remote and home health monitoring, which is a trend on healthcare applications with the advances in 
wireless sensor and communication technologies [38]. Another drawback of force platforms is the so-called 
foot targeting effect, where the users alter their natural gait pattern in order to correctly place the foot on the 
platform, which leads to inaccuracies on the analysis [39]. Consequently, it leads to the necessity of hidden 
the platform on the ground and repeating the test until a natural gait pattern is obtained with the foot placed 
within the platform boundaries [36]. 
Instrumented insoles became a feasible option to the force platforms with the possibility of being used 
inside a shoe, thereby resulting in a portable device to be assessed outside the laboratory environment, for 
remote health monitoring and wearable robotics applications [13]. In addition, another advantage of 
instrumented insoles is the possibility of monitoring the plantar pressure during daily activities with the natural 
gait pattern of the users. However, mainly due to the sensor technology employed (generally electronic 
sensors), such insoles can present instability on the measurement (with false positives and false negatives) and 
lack of resistance to the impact loads that commonly occurs in the gait cycle [40]. Another issue of 
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instrumented insoles is the number of sensors, which resulted in a low spatial resolution for the plantar pressure 
analysis [13]. The human foot has 15 pressure areas that support most of the body weight as discussed in [37]. 
Thus, an ideal sensor system for complete monitoring of the plantar pressure needs 15 sensors positioned on 
each of those 15 critical points. However, previous works generally aim to a system simplification and the 
number of sensors is generally 5 to 7 sensors distributed on the foot [13]. Even though a higher number of 
sensors can be achieved with sensors based on smart textiles and custom fabrics, they generally present 
performance limitations such as low repeatability, hysteresis, creep and nonlinearities [13].  
As an emerging sensor technology, optical fiber sensors present the intrinsic advantages of lightweight, 
compactness, chemical stability, immunity to electromagnetic field and multiplexing capabilities [41]. These 
advantages make optical fiber sensors an intrinsically safe technology for industrial [42], medical [43] and 
structural health monitoring [44] applications. Additionally, optical fiber sensors are employed on the 
measurement of several parameters like angle [45], refractive index [46], temperature [47], humidity [48], 
acceleration [49], pressure [50], breathing rate [51] and oxygen saturation [52]. In addition, the features of 
optical fibers enable their embedment in textiles for sensing applications [51], [53] and also the creation of 
optical fiber-based textiles, the so-called photonics textiles [52].  
There are two major types of optical fibers, silica and polymer optical fibers (POFs). Besides their higher 
optical power attenuation when compared with silica fibers, POFs present advantages over silica fibers related 
to their material features. Such advantages include higher flexibility, lower Young’s modulus, higher strain 
limits, fracture toughness and impact resistance [41]. Furthermore, POFs enable a safer operation in smart 
textiles, since silica fibers can break more easily than POFs and present a risk for the users when there is a 
breakage due to the glass punctures that might cause injuries [51]. 
The advantages of POFs are also well aligned with the requirements for soft robotics applications, which 
make POFs suitable for the embedment in these novel soft structures. One of the technologies that have enabled 
the development of such novel wearable flexible systems with lower relative cost is the 3D printing, which is 
an additive layer manufacturing process, where a hot or melted polymer is injected layer-by-layer [54]. The 
materials generally used in 3D printing are polylactic acid (PLA) or acrylonitrile butadiene styrene (ABS) with 
the possibility of using flexible materials such as thermoplastic polyurethane (TPU). To that extent, optical 
fiber sensors can be embedded in 3D-printed structures for structural health monitoring (SHM) [55] and plantar 
pressure sensing platforms [56]. 
However, it is noteworthy that the POF material features are twofold. On the one hand, the lower Young’s 
modulus of POFs and higher strain limits enable developing sensors with higher dynamic range and much 
higher sensitivity when compared with the ones in silica fibers [57]. On the other hand, polymers are 
viscoelastic materials, which do not present a constant relation with stress or strain [17]. Furthermore, 
viscoelastic materials present a hysteretic response between stress and strain [18] and this may be a source of 
hysteresis and nonlinearities in POF sensors [58]. In addition, viscoelastic materials have a variation of their 
Young’s modulus in response to different parameters such as strain cycle frequency, temperature and relative 
humidity [59]. Therefore, it is necessary to understand and characterize the POF viscoelastic response to 
propose a compensation of the viscoelastic effects and obtain a more reliable measurement of any POF sensor 
based on direct stress or strain on the fiber (such as curvature sensor [60], strain [61] and force [40] sensors) 
prior to their applications in healthcare devices and movement analysis. 
There are a few optical fiber-based techniques to measure temperature and strain, such as fiber Bragg 
gratings (FBGs) [62], interferometers [63] and nonlinear effects [64]. However, the complexity of signal 
processing, implementation and the cost of the interrogation equipment are critical disadvantages [65]. On 
intensity variation-based sensors, the variation of the sensing parameter leads to an output power attenuation. 
The advantages of this approach are its low cost and simplicity in signal processing [66]. Although these 
sensors may present errors on the measurement due to the variation of the light source power and 
environmental conditions, techniques based on self-referencing schemes [67] or dual-wavelength 
compensation [65] can be applied to reduce these errors. Aiming at the development of low-cost and portable 
sensor systems, intensity variation is one of the techniques used on the sensors’ development in this Thesis.  
However, intensity variation-based sensors have another important drawback due to the lack of 
multiplexing capabilities in this approach. In order to overcome the limitations of intensity variation-based 
sensors and considering recent advances in FBG inscription in POFs [68], another sensing technique used in 
this Thesis is to use uniform FBGs due to their multiplexing capabilities, which makes it possible to inscribe 
long arrays with increasing number of sensors in the same fiber for quasi-distributed and multiparameter 
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applications [69]. FBGs are periodic modulations of the fiber core’s refractive index. Different gratings can be 
inscribed in the same fiber by just modifying the period of this refractive index modulation, with each grating 
acting as a wavelength selective filter, reflecting light at a discrete wavelength that is directly proportional to 
the inscribed period. Changes to the period as a result of external perturbations are recovered as wavelength-
encoded data. This offers a huge advantage as the data is an absolute quantity and may be recovered even if 
the signal is temporarily interrupted. FBGs can be fabricated using the methods discussed in [68], through the 
ultraviolet (UV) laser irradiation with a phase mask [70] or direct write in the fiber core using a femtosecond 
(fs) laser [71]. A lot of progress have been achieved in POFs made of different materials [72]. Among those 
materials for POFs, the cyclic transparent optical polymer (CYTOPs) offer advantages over other materials, 
such as poly methyl methacrylate (PMMA) and cyclic olefin copolymers (COC), due to their lower optical 
losses, particularly in the 1550 nm wavelength region [73]. This advantage enables the employment of 
commercially available optical components, which are generally designed to work within the 1550 nm 
wavelength region. Thus, FBGs inscribed in CYTOP fiber are good candidates for practical sensing 
applications. However, such fibers present multimode operation, which can inhibit their application as sensors 
and in long arrays. Theodosiou et al [74] proposed a direct write, plane-by-plane inscription method with 
optimized inscription parameters using a fs laser, where it is possible to control the coupling between the 
grating and core modes, leading to a single peak spectrum, which can be regarded as an important advance 
towards practical sensing applications with FBGs inscribed in POF. 
Figure 1-1 shows a schematic representation of the robotic devices (lower limb exoskeleton and SW) and 
monitored parameters, which not only outline the aforementioned parameters and devices, but also show the 
sensors developed throughout this Thesis with different sensing approaches. 
 
Figure 1-1 Overview of the robotic devices and monitored parameters. 
1.2. Research Objectives and Contributions 
The general objective of this Doctoral Thesis is the development of novel sensors systems based on POFs 
using two different approaches: intensity variation and FBGs for the instrumentation of assistive devices (SW, 
orthosis and exoskeletons) as well as for movement analysis purposes.  
In order to achieve these objectives, an extensive investigation of the POF materials is necessary, since 
they have direct influence on the sensor dynamic range and performance. The influence of thermal and 
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chemical treatments on POF materials are also evaluated, since these treatments can enhance the sensor 
performance.  
In addition, the evaluation of the material viscoelasticity also enables the development of novel 
compensation techniques for POF sensors and different approaches aiming on the enhancement of POF sensors 
for the assessment of angle, force, pressure, strain, temperature, humidity and physiological parameters. These 
lead to the contributions of this Thesis listed as following: 
 Development of a characterization methodology for mechanical and viscoelastic properties of POFs; 
 Mechanical characterization of POFs with different materials, structures and thermochemical 
treatments; 
 Characterization of the fs laser inscription influence on POF material properties; 
 Development of an analytical model for POFs optical power variation under dynamic bending;  
 Development of compensation techniques for creep response, hysteresis, nonlinearities, temperature 
and humidity dependency on POF sensors responses; 
 Development of POF sensors for angle, temperature, humidity, force, pressure, HR, BR and torque 
with enhanced capabilities; 
 Development of a novel multiplexing technique for intensity variation-based sensors; 
 Application of the POF sensors in exoskeletons, orthosis, SW and Functional Electrical Stimulation 
(FES) systems for gait assistance; 
 Development of portable wearable sensors and instrumented insoles. 
1.3. Publications 
In the time frame of the Thesis, about 50 journal papers (J), 10 conference works (C) and 4 book chapters 
(B) were either published, accepted or under review. These works also include the collaboration with other 
researchers and international groups. The works are divided into the ones used in the Thesis (marked as T) and 
the ones from collaborations and parallel researches (marked as P). In addition, there are also 4 patent 
applications under consideration on the university. The list of publications is presented in the following 
sections. 
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1.4. Organization of the Thesis 
This Thesis is divided into six chapters as follows. Chapter 1 presents the motivation and introductory 
aspects of the works developed in this Thesis.  
Chapter 2 provides the theoretical background of this work. Some knowledge prior to the understanding 
of following chapters, such as optical fiber properties, materials and state of the art review are presented in this 
chapter.  
Thereafter, an overview of polymers viscoelasticity and the characterization of the fibers used in the 
remainder of the Thesis are presented in Chapter 3, where the dynamic mechanical characterizations are 
performed on the PMMA fibers in order to evaluate their viscoelastic properties and dependency with 
parameters such as temperature, humidity and frequency. In this chapter the characterization of the CYTOP 
fibers is also presented, where the material response of this fiber is analyzed with respect to frequency and 
temperature and the fiber glass transition temperature is also discussed. In addition, the effect of the grating 
inscription (using fs laser at 517 nm) on the material properties is also assessed in Chapter 3.  
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In Chapter 4, the development of intensity variation-based sensors is depicted, where the analytical model, 
design parameters and compensations techniques are discussed and validated.  
Chapter 5 presents the development of FBG-based sensors inscribed in CYTOP fibers. The analyses of the 
thermal treatments and compensation techniques on the response of temperature, strain, force and curvature 
sensors are performed.  
Applications in wearable robots, movement analysis and SW are presented in Chapter 6 using intensity 
variation-based sensors. Then, also in Chapter 6, FBG arrays are applied on lower limb exoskeleton for human-
robot interaction forces assessment, series elastic actuator’s (SEA) spring for multipoint torque/strain 
measurements and on a SW for multiparameter sensing, where the parameters include strain, temperature, 
vibration, gait temporal parameters and force.  
Finally, in Chapter 7, the conclusions are outlined and future works as well as new research topics are 




Chapter 2. Theoretical Background 
2.1. Polymer Optical Fibers Overview  
Solid core POFs have a circular cross-section with three layers: the core, cladding. In addition, commercial 
solid core fibers also have a jacket (or overcladding). Most of the optical signal is propagated through the core 
section, which has a higher refractive index than the cladding. Light intensity losses happen due to absorption 
and frustrated total internal reflection when in contact with a surface [66]. For this reason, the core is 
surrounded by a cladding layer with a refractive index lower than the one found at core. The jacket provides 
mechanical protection for the POF and it is usually made of polyethylene [75]. Figure. 2-1 shows the POF 
cross sectional area of a solid core fiber.  
 
Figure. 2-1 Cross-sectional view of a polymer optical fiber (figure out of scale). 
The light propagates with total internal reflection in an optical fiber and it follows the well-known Snell 











           (2.1) 
where 
2n  is the refractive index of the more refractive medium, whereas 1n  is the refractive index of the less 
refractive medium. Furthermore, 
i is the incidence angle and t  is the transmitted angle. The Snell law can 
be applied to estimate the critical angle of the light propagation inside the fiber, which is the incident angle 
when the transmitted angle is 90°. 
Moreover, in an optical fiber, only the light rays with angles lower than the acceptance angle are propagated 
inside the fiber. The acceptance angle ( max ) is a function of the core refractive index ( con  ), external refraction 










          (2.2) 
Additionally, the acceptance angle is important to determine the optical fiber numerical aperture (NA) 
which is the sine of the acceptance angle and it represents the amount of light that an optical system can receive 
through the acceptance cone [76]. POFs have higher NA than silica fibers. POFs have higher signal attenuation 
and higher modal dispersion, which leads to smaller bandwidth, since there is a time difference between the 
light propagation with angles close to 0º and propagation with angles close to the critical angle [66]. 
The core has two major types of refractive index profiles: step index profile (SI) and graded index profile 
(GI). In a step index profile, the core is homogenous and presents a uniform refraction index. On the other 
hand, graded index profile fibers have a distribution gradient of the core refractive index, which increases with 
the distance between the fiber axis and its extremity. Moreover, due to this refractive index variation in a GI 
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profile, the ray propagation does not occur in a straight line [66]. Figure 2-2 shows a comparison between SI 
and GI profiles, where perfluorinated POFs with GI profiles have lower power attenuation than SI POFs. 
However, the fabrication of such GI profile is more costly than the one of the SI. There is also a multistep 
profile created to present an alternative to the GI profile, which is difficult to manufacture. This fiber presents 
a multi-layer profile and every layer has its own refraction index, resulting in a non-straight ray propagation 
[76]. 
 
Figure 2-2 Comparison between SI and GI profile [76]. 
The high attenuation is the main drawback of the PMMA POFs compared with silica fibers, as mentioned 
earlier in this document, since higher numerical aperture leads to a higher attenuation. There are two 
mechanisms for the light attenuation in an optical fiber: extrinsic and intrinsic processes. Intrinsic losses are 
inherent of the fiber composition. The two major intrinsic losses are radiation absorption due to electronic 
transitions on the atomic bonds and Rayleigh scattering, which is determined by fluctuations on the material 
composition, density, and orientation, which happen due to the material anisotropy [66]. Extrinsic losses are 
caused by factors that can be controlled (but not always eliminated) in the manufacture process, installation or 
by environmental control. The most common extrinsic losses are caused by impurities absorption, micro 
fractures, structural imperfections and radiation losses due micro and macrobends [76]. 
Optical fibers are also classified in single mode and multimode waveguides. This classification relates the 
number of propagation modes inside the fiber. An optical fiber is multimode if its normalized frequency is 
higher than 2.405, otherwise it is single mode [76]. Equation 2.3 presents the normalized frequency (V) as a 
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The number of modes ( N ) on a step index fiber is presented in Eq. 2.4. 
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Typical value of the number of modes for wavelength of 650 nm is 2.8 million in a conventional step index 
POF with PMMA core with 0.98 mm of diameter [76].  Each mode represents one particular solution of the 
Maxwell equation. Since it has so many modes and POF sensor generally do not have long lengths of fiber, 
the geometrical optics approach can be employed on the sensor analysis [66]. 
Contrasting with the aforementioned solid core POFs, microstructured polymer optical fibers (mPOFs) 
present a pattern of holes throughout the fiber [77], [78]. Such pattern has a defined geometry and pitch 
between the holes, where the ratio between the hole diameter and pitch defines its modal operation. If the ratio 
between the hole diameter and pitch is lower than 0.43, the mPOF is endlessly single-mode  [26], which means 
that the POF is single mode at all frequencies [80]. Another advantage of mPOFs is the possibility of holding 
gas or a biological sample in the holes for evanescent-wave sensing [81]. For these reasons, mPOFs are 
extensively employed in different sensing applications, especially those involving FBGs due to their endlessly 
single-mode operation [76], [82], [83]. A typical mPOF made of PMMA with 3 ring hexagonal structure is 
shown in Figure 2-3. In addition, the first single mode POF was proposed in 1991 by [84]. Then, after some 
years of research - summarized in the review work by Zubia and Arrue [75], a single mode step index POF 
was reported in [85], which had a core made of TOPAS and a cladding of Zeonex for humidity insensitive and 




Figure 2-3 Cross-sectional view of the mPOFs with 3-rings hexagonal structure [86]. 
Of all POF materials, PMMA is yet the most employed material in POF production [87]. However, PMMA 
has a low glass transition temperature (Tg) compared to some of the other polymer materials for fiber 
fabrication, such as polycarbonate (PC), which can limit its application at higher temperatures [88]. 
Furthermore, the higher moisture absorption capability of PMMA can harm its application in temperature or 
strain sensing where a humidity cross-sensitivity is undesirable [80].  
In order to mitigate  the issue of humidity cross-sensitivity, POFs made of cyclic olefin copolymer such as 
TOPAS grade 8007 [80], [89] and 5013 [79], [85] and cyclic olefin homopolymer such as Zeonex 480R [90] 
can be employed. Gratings inscribed in fiber made of these materials demonstrated a humidity sensitivity at 
least 30 times lower than that of PMMA polymer optical FBGs (POFBGs). However, the glass transition 
temperature can vary significantly among different grades of TOPAS. For instance, TOPAS 8007 presents Tg 
of only 78°C, which is even lower than the PMMA glass transition temperature (110°C) [89] and which implies 
that fiber cleaving parameters are quite different for POFs made of PMMA and TOPAS [91]. The low glass 
transition temperature of TOPAS 8007 fibers severely limits the range of temperature sensing. In order to 
overcome this, POFs made of another grade of TOPAS with a Tg of 134 °C was demonstrated [79], [85]. 
Another polymer material employed for high temperature and strain sensing is Zeonex 480R, which has a Tg 
of 138°C. Zeonex 480R material  presents further advantages compared to TOPAS 5013  such as  superior 
drawability that allow a more robust fabrication  of  microstructures in the fiber [90].  
Both TOPAS and Zeonex have low loss at THz frequencies and have been applied extensively in this field 
as well [92]–[94]. In addition to the aforementioned POF materials, PC polymer can also be used for fiber 
fabrication [95]. PC has  a Tg of 145°C, which is  higher than TOPAS 5013 and Zeonex 480R [88]. 
Furthermore, PC POFs can withstand higher stresses when compared with PMMA and TOPAS POFs [88]. 
For these POFs, the use in the 1550 nm region is limited to a few centimeters and, for this reason, most of 
POFBGs are inscribed in the 850 nm wavelength region [57]. In order to tackle the limitations imposed by the 
higher attenuation of POFs, graded-index CYTOP fibers have been proposed [73]. In CYTOPs, the carbon-
fluoride bonds replace carbon-hydrogen in the polymer backbone, resulting in much lower losses in near 
infrared (especially in 1550 nm) when compared with PMMA POFs [73]. In addition, this material also has 
low dispersion [73] and these advantages have led to the rapid widespread of CYTOPs as commercial solutions 
for POFs. Since these are the POFs used in this Thesis, Figure 2-4 shows the attenuation of the PMMA and 




Figure 2-4 Attenuation (in dB/km) of PMMA and CYTOP fibers 
2.2. POF-based Sensors 
The application of optical fibers as sensors has been studied throughout the years. There are several 
applications of optical fiber sensors in different fields such as SHM [96], industrial processes [42], biomedicine 
[43] and detection of chemical compounds [97]. Even though there are many other sensing approaches using 
optical fibers (such as interferometers [98], nonlinear effects [64] and surface Plasmon resonance [99]), this 
section is focused on the developments of intensity variation- and FBG-based sensors, since they are the ones 
used in this Doctoral Thesis.  
2.2.1. Intensity Variation-based Sensors Review 
Regarding intensity variation-based POF sensors, they can be employed to evaluate the beam dispersion 
and phase deviation for measurement as in a turbidity sensor [66]. However, most of the POF intensity 
variation-based sensors take advantage of the polymer flexibility to measure the transmission losses on a 
bending fiber. Both macro and microbending power losses are applied for sensing applications. Fegadolli et 
al. [100] take advantage of microbending power loss to develop force detection platform. The rectangular 
platform is comprised of a lower fixed plate and an upper movable plate, both fixed and moving plates have 
cylindrical rods placed throughout its length. The optical fiber lies between the two parts, when force is applied 
on the movable part, the POF is squeezed and the signal attenuation is detected and processed. Applying the 
same work principle, Chen et al. [101] proposed a breathing sensor. The sensor is embedded on seat cushion 
or bed and detects the body vibration during breathing. The sensor proven to be capable of detecting body 
vibration with maximum error of the frequency measurement less than 0.2 Hz and the frequency measurement 
range can be up to 2000 Hz. The same principle of the microbending sensor can be employed for macrobending 
POF sensor. Kuang et al. [102] developed a dual cyclic bending based sensor to measure displacements. The 
working principle and sensor configuration is the same as proposed by [101] and [100], but with larger 
dimensions. It was also investigated the relationship between plates’ displacement and force applied on the 
plates, power loss relationship with number of rollers, rollers radii and curvature radius. Furthermore, it was 
obtained the curvature radius variation with the plate’s relative displacement. All the results obtained proved 
the feasibility of this sensor for measuring the displacement in industrial applications.  
Another industrial application for POF based sensor is the liquid level measurement. Hou et al. [103] 
designed and tested a liquid level detection fiber, which comprises of two twisted in parallel POFs without the 
cladding and jacket parts. One of the fibers receives the light and another one is a passive fiber. Since the two 
fibers are bended, a radiation loss occurs, and the light is transmitted to the passive fiber. A 660 nm light 
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emitting diode (LED) is placed at one end of the active fiber, at the other end is placed a power meter. While 
the passive fiber has a power meter at both ends. The forward coupling power is measured in the passive fiber. 
The power meter response on the active fiber end can compensate the input power deviations, which is a 
measurement error source if it is not compensated. Differences in the environment refractive index cause a 
variation on the forward coupling power, therefore the sensor is able to detect if it is immersed on water. The 
same configuration for a liquid level sensor is presented in [104]. Furthermore, a calibration curve correlating 
the forward coupling power and the liquid level for three different media was obtained in this work. Moraleda 
et al. [67] developed a macrobending based temperature sensor. The working principle is based on variations 
of the optical fiber numerical aperture due to bending radius and temperature changes. If the bending radius is 
constant, the changes on the numerical aperture are caused by the temperature. The sensor works between 
27.2 ºC and 50.2 ºC with a sensitivity for a 2 mm bend radius of 1.29x10-3 °C-1. 
SHM is also an important application for POF based sensors. Antunes et al. [105] presented an 
accelerometer based on the misalignment between two POF. One fiber is fixed on an inertial mass supported 
by an L-shaped aluminum cantilever beam, which is connected to a support through a leaf spring. The other 
fiber is fixed directly on the support. Furthermore, the fibers have a relative displacement of 0.5mm in the 
vertical direction. External acceleration is encoded by measuring the change of the fibers coupling efficiency 
caused by additional misalignment between the two fibers due to the inertial mass movement under external 
acceleration. Results proved the suitability of this sensor for civil engineering SHM applications. Vallan et al. 
[106] developed a macrobending curvature sensor positioned on a cantilever. In order to achieve curvature 
pattern in the cantilever, a shaker is positioned on a rectangular cantilever tip. The sensor characterization 
exhibits a 454 mV/m sensitivity and maximum detectable curvature radius of about 284 m. In [107], the POF 
curvature sensor was investigated in a trapezoidal cantilever. 
As mentioned earlier, biomedical and rehabilitation applications with POF sensors have been widely 
studied. Dunne et al. [108] developed a wearable garment-integrated curvature sensor for monitoring the seated 
spinal posture and a two-leaved decision tree model for posture classification evaluates the subject posture. 
System posture classification is compared with the classification from a visual analysis of professionals. 
However, the lack of agreement between the eight professionals presents a problem for system evaluation and 
for long-term monitoring of seated posture. Williams et al. [109] also investigates the spinal curvature. The 
investigation is limited to lumbar curvature though. Results of the lumbar monitoring are compared to a video-
based method and good accuracy is obtained. Donno et al. [110] developed a POF goniometer capable of 
measure higher angles (up to 90º). Dynamical tests were conducted in three frequencies: 0.1Hz, 1.25Hz, and 
5Hz with good correlation between the POF sensor and the reference potentiometer. The proposed goniometer 
can be applied for knee joint angle measurement by athletes to test and train their exercises and to 
physiotherapy rehabilitation. Bilro et al. [111] presented a similar approach to knee angle monitoring. 
However, the sensor is characterized in quasi-static tests and it is evaluated with a video-based system, which 
accounts only the movements on the sagittal plane. It was also presented the wireless prototype of this POF 
sensor. 
One drawback of the signal intensity modulation optical fiber sensors is its larger sensitivity to external 
perturbations e.g. temperature, microbending, source power deviations, among others. It results on 
indistinguishable variation on the received signal from that produced by actual modification of the measurand 
[112]. Since these deviations can provide errors in measurement, self-referencing systems were developed 
[67], [111]. Such approach lowers the temperature, humidity and source power deviations to acceptable values 
(Figure 2-5). This system comprises of a sensor fiber and a reference fiber with the same properties as the 
sensor fiber. The sensor response is normalized with respect to the reference fiber for compensation of 
temperature, humidity and light source power deviations.  
 
Figure 2-5 Self-referencing system for compensation of environmental and light source deviations [111]. 
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2.2.2. Fiber Bragg Gratings-based Sensors Review 
2.2.2.1. FBG Inscription in POFs 
FBGs are created through a refractive index modulation when the fiber is exposed to a periodic intensity 
pattern (see Figure 2-6), where a specific wavelength (the Bragg wavelength) is reflected [68]; this is 
essentially a wavelength selective mirror. Such a grating structure can be obtained by using lasers to modify 
the optical fiber, and this can take several forms, such as ultraviolet (UV) laser irradiation through, holographic 
techniques, phase mask [68] or direct-write of the grating pattern in the fiber core using a fs laser [74]. The 
Bragg wavelength (λB) depends on the material effective refractive index (neff) and modulation period (Λ) as 
shown in Eq. 2.5.  
 effB n2            (2.5)  
 
Figure 2-6 Periodic variation of the refractive index with respect to the fiber z-axis (fiber length). 
Peng et al. reported the first POFBG inscribing with 325 nm continuous wave (CW) He-Cd and 248nm 
pulsed Kypton Fluoride (KrF) lasers, although a period ablation was reported with the KrF laser [113]. A 
typical setup for POFBG inscription is presented in Figure 2-7. As a result, He-Cd lasers were for many years 
the preferred option for grating inscription in POFs. At first POFBGs were inscribed in the 1550 nm region 
mainly due to equipment availability associated with telecommunications applications [114], [115]. However, 
the majority of POF has higher attenuation in the 1550 nm wavelength region and as a logical consequence 
grating inscription oriented itself towards lower wavelengths. Considerable progress in low cost interrogation 
using complementary metal-oxide semiconductors (CMOS), made inscription in the 850 nm region more 
attractive [80].  
 
Figure 2-7 A typical phase mask technique inscription setup for POFBGs (this case using a 248 nm KrF laser). Figure 
inset shows a FBG inscribed using this setup. 
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Inscription in the 800-900 nm region using He-Cd lasers quickly became the rule and not the exception, 
while KrF lasers received little attention. Inscription at the beginning of the investigation of FBGs in POFs 
could be as long as 100 minutes and hinder commercial production due to the relatively high cost and stability 
requirements [116]. However, Bundalo et al. showed that inscription can be achieved in 7 minutes, even in 
microstructured fibers, while delivering improved grating stability [117].  
Pre-inscription annealing has also generated further progress, as it leads to molecular alignment relaxation 
that reduces the internal stresses of the fiber that were generated during manufacturing [118]. Furthermore, 
annealed samples presented higher photosensitivity in a preform study [119]. Finally, pre-inscription annealing 
has been shown to reduce inscription time [119].  
Dopants such as trans-4-stilbenemethanol (TS) and benzyl dimethyl ketal (BDK) can also positively 
influence grating production. Since the first FBG in TS doped fiber [120], TS has been shown to reduce 
inscription times to one second, increasing grating reflectivity and with minor etching deliver gratings with 
97% reflectivity [121]–[123]. While TS is uniquely used for step-index fiber, BDK has been used to improve 
photosensitivity in mPOF [124]. Following on from the work of Bundalo [117], a recent advance demonstrated 
inscriptions in 4 minutes [124]. Pospori et al. have also demonstrated how the customization of inscription 
parameters such as annealing time can lead to more sensitive FBGs [124]. 
In recent years, KrF lasers are receiving greater attention since improvements in polymer photosensitivity 
characterization and analysis were observed. As with He-Cd lasers, pre-inscription annealing has been shown 
to improve the results using KrF lasers. Inscription times in the region of 7 seconds have been reported for 
PMMA mPOFs, a significant improvement compared to times for non-annealed samples [119]. KrF lasers 
intrinsically deliver lower inscription times, some as low as several ns [70]. This inscription method appears 
favorable towards production as a single 15 ns pulse can inscribe a grating, reducing the potential costs for 
mass production [59]. Following this development, pulse duration reductions were sought as this parameter 
was judged the new constraint, being the minimum optical power achievable for production. A Nd:YAG laser 
with an 8 ns pulse duration and lower pulse energy has recently been shown to have generated an FBG in 
BDK-doped mPOF, the current fastest time to date [125]. Indeed, the cost of this laser is approximately 5 times 
less than that of KrF lasers, where the maintenance costs are also lower. Figure 2-8 presents the historical 
evolution of the POFBGs inscription time with the phase mask technique, where some reasons or 
breakthroughs related to such evolution are presented. The goal here is to present the evolution inscription 
time reduction throughout the years. 
 
Figure 2-8 Historical evaluation of the inscription times using UV laser (CW and nanosecond pulsed). 
It is noteworthy that FBGs are inscribed in other materials, such as TOPAS, Zeonex, PC and CYTOPs. Table 
2-1 summarizes the latest developments for He-Cd and nanosecond pulsed lasers (KrF and Nd:YAG) for each 
material. While PMMA is used as the benchmark for polymer inscription, TOPAS, Zeonex and PC have all 
been inscribed using both laser types, with their inscription times broadly following the wake of PMMA.  
However, inscription in CYTOP is more difficult than for other polymers. Indeed, no CYTOP FBG has been 
reported to date using a He-Cd laser. The first FBG in CYTOP in the telecoms region was reported by Koerdt 
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et al. using a KrF laser [126]. However, due to their own nature with an end functional group (−CF3), CYTOPs 
have UV resistance, which hinder the POFBG inscription in such fibers using lasers in this wavelength region. 
Actually, the inscription time of POFBGs in CYTOP using a KrF nanosecond laser (centered at 248 nm) can 
be as long as 60 minutes [127].  
Table 2-1  POFBG inscription times with different materials. 
POF material 
HeCd CW laser - 
Inscription time 
Nanosecond pulsed laser - 
Inscription time 
BDK-doped PMMA 4 minutes [124]  8 nanoseconds [125] 
TS-doped PMMA 1 second [123] 0.4 seconds [128] 
PC 6 minutes [88] 14 seconds [70] 
Zeonex 480R 5 minutes [90] 15 seconds [70] 
TOPAS 5013 4 minutes [79] 20 seconds [70] 
TOPAS 8007 58 minutes [80] 25 seconds [70] 
CYTOP Not reported <60 minutes [127] 
Concurrently with the foregoing developments on UV lasers for grating inscription in POFs, ultrafast lasers 
(light pulses shorter than tens of picoseconds) have been researched, leading to the popularization of fs lasers 
as commercial solutions for micromachining in transparent materials[129]. In fs lasers, the FBG inscription 
occurs mainly by multi-photon absorption, where the carriers are excited by the absorption of photons and the 
energy transfer occurs from the electron to the lattice due the electron-lattice scattering [130]. This inscription 
mechanism results in a precise energy deposition, since the interaction between the light and matter occurs 
only near the focal volume of the laser beam, which results in a selective modification of the material 
properties, i.e., only a small volume of the material is modified [131]. In addition, the annealing of the lattice 
that occurs with pulse duration of nanoseconds, does not occur in ultrafast laser pulses [131]. Thus, on the fs 
laser FBG inscription, the thermal diffusion is suppressed as well as melting and resolidification effects, which 
can induce additional (and undesired) structural modifications on the material [130]. 
 Aiming at the advantages of fs lasers in micromachining of transparent materials, Theodosiou et al. [74] 
presented a major breakthrough regarding the FBG inscription in CYTOPs using a direct write, plane-by-plane 
inscription method with optimized parameters, which enabled the FBG inscription in CYTOP fibers within a 
few minutes. In addition, the proposed technique also enables the control of the mode excitation by means of 
limiting the inscription to a predefined part of the fiber core, which results in a single peak FBGs, even in 
multimode fibers as the CYTOP [74]. This advantageous feature also enables the inscription of long FBG 
arrays in CYTOP fibers [69]. 
2.2.2.2. FBG-based sensors applications 
In FBG-based sensors, the shift of the reflected wavelength as a function of the monitored parameter is 








         (2.6) 
where Δλ is the Bragg wavelength shift, λB is the Bragg wavelength, Pe is the photoelastic constant, αT is the 
thermal expansion coefficient of the fiber, ξ is the thermo-optic coefficient, ΔT is the temperature variation and 
Δε is the strain variation. Thus, historically, the typical applications of POFBGs were generic and based on the 
fundamental parameters of strain and temperature. However, FBGs can be embedded in different structures to 
sense other parameters besides strain and temperature as discussed below. 
In terms of FBG applications, Stefani et al. proposed an accelerometer in a PMMA mPOFBG for SHM, 
displaying higher sensitivity than a silica counterpart [72]. Theodosiou et al. demonstrated mode shape 
capturing using an array of CYTOP FBGs embedded in a metal beam [133]. When compared to a silica 
counterpart, the authors demonstrated that the POFBG array had a sensitivity up to 6 times greater. A similar 
application was presented by the same group for a rear helicopter rotor blade, measuring imbalance on the 
cantilever [44]. The sensors were used to measure the vibration due to imbalances created by loadings 
positioned at different regions of the cantilever.  
POFBGs have also been embedded into patches produced using 3D printing, which is highly relevant for 
plug-and-play devices [134]. POFBGs embedded within a silicone diaphragm were also used for liquid level 
measurement, showing a system delivering multi-level measurement [135]. A comparable silica sensor had a 
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sensitivity 5 times lower than the POF sensor. Then, the sensor was used to compensate some issues associated 
with conventionally employed sensors, including fuel density sensitivity, temperature and g-force variations 
[136]. This work could lead towards similar applications in the oil and gas industry where liquid level, 
temperature, pressure and flow are important monitoring parameters [137]. The pressure response of POFBGs 
inscribed in CYTOP fibers was demonstrated in [138], where again POF outperformed silica fibers in terms 
of sensitivity.  
Curvature sensors have been proposed by Chen et al. [139], who demonstrated angle measurements using 
an FBG in eccentric core PMMA fiber. This type of sensor can be suitable for gait measurements, where both 
the angular range and frequencies are within the range for the lower limbs. In addition, gait and movement 
analysis has been extensively considered in recent years, with another viable example in [50]. In this instance, 
an array of 5 FBGs were embedded in an insole for plantar pressure monitoring and subjected to static and 
dynamic testing. The response was in good agreement with the calibration system and the expected behavior 
during use.  
Humidity sensing has been much more explored, as an inherent property of some polymers as characterized 
in [140]. For POFBGs, the water affinity of the fiber introduces a significant Bragg wavelength shift and, as a 
result, the wavelength-encoded response is immune to fluctuations in light source and transmission loss. 
POFBGs do not need any coating or corrugation for humidity sensing and are robust, compact and cost-
effective. However, water absorption is very slow and response time remains a key issue for practical 
applications. It has been shown that etching the fiber (i.e. reducing its diameter) with acetone lowers the 
response time below the 7-minute threshold [141], where the lowest response time reported is below 
10 seconds [48]. 
A final example of an interesting application is given by Bonefacino et al. [142], who presented a POFBG 
sensor for breathing rate and heartbeat that is worn on the chest of the subject. The methodology in question 
was shown to be 20-30 times more sensitive than a silica version of the sensor. It is important to mention that 
FBGs in POFs was also investigated in ultrasonic detection [143] and in radioactive environments [144]. 
Figure 2-9 summarizes the application fields for optical fiber sensors using POFBGs.  
 
Figure 2-9 Application fields using FBGs inscribed in POFs. 
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Chapter 3. Mechanical Characterization of Different POFs 
3.1. Introduction 
 In this chapter, the dynamic characterization is performed on PMMA and CYTOP fibers used on the 
development of the intensity variation- and FBG-based sensors, respectively. The results show the material 
mechanical properties dependency with parameters such as temperature, frequency of strain cycles and 
humidity. Furthermore, the creep response at different loadings indicate the possibility of applying viscoelastic 
models for the POF modeling, where the hysteresis on stress-strain cycles is also demonstrated. Since the 
CYTOP fiber is used on the FBG inscription, its characterizations are made in two different regions of the 
same fiber: one without the FBG and the other in the region where the FBG was inscribed to investigate the 
influence of the FBG inscription (via fs laser) on the POF mechanical properties. 
3.2. Dynamic Mechanical Analysis 
In order to characterize the mechanical properties and polymers viscoelastic response, dynamic 
characterization tests are performed. The dynamic characterization tests are widely employed for polymers in 
biological applications [145], automotive [146], aircraft [147], industrial [148], among others. Dynamic tests 
on polymers can be made by means of nano-indentation techniques [149] and dynamic mechanical analysis 
(DMA) [150]. Nano-indentation techniques are more suitable for the evaluation of thin films and 
microstructures. Moreover, it is also applicable to the assessment of local properties of the polymer [149]. 
Therefore, the DMA technique is a suitable technique due to the fiber dimensions on the order of millimeters. 
DMA applies an oscillatory load on the polymer with specific temperature and frequency ranges. It is a well-
established method to evaluate the polymer glass transition, storage modulus, loss modulus, and stress 
relaxation [150], which are sufficient parameters to characterize the POF viscoelastic response. 
These parameters include the storage modulus ( 'E ), loss modulus ( ''E ) and relaxation time ( ), which 
are sufficient to determine the viscoelastic behavior of the material [59]. The combination of the storage and 
loss modulus is the dynamic Young’s modulus ( *E ) of the polymer (see Eq. 3.1). 
'''* iEEE                (3.1) 
The ratio between the storage and loss modulus is the loss factor ( )tan( ) defined in Eq. 3.2. This is a 







                 (3.2) 
The analysis of the loss factor )tan( presents some advantages over the analysis of the loss modulus. 
The Young’s modulus is divided into the loss and storage modulus due to the duality of a viscoelastic response, 
which is the combination of the elastic and viscous responses of the polymer. The loss modulus refers to the 
energy loss due to the viscous effect, whereas the storage modulus refers to the energy storage due to the elastic 
effect. Therefore, the loss modulus may be understood as the relationship between the viscous and elastic 
components of the polymer response. For this reason, the loss factor of an elastic material is zero (tan(δ)=0) 
and the Young’s Modulus is referred as a static Young’s Modulus (
0E ).  
If there is no phase transition and the material is in the linear viscoelastic regime for a given temperature 
range, it is possible to apply the time-temperature superposition (TTS) principle to estimate the material 
viscoelastic parameters in a range higher than the DMA equipment operation limits [151]. Following the TTS 
principle, the superposition of frequency and temperature curves are made using a horizontal shift parameter 














 ,               (3.3) 
where the empirical constants C1 and C2 are adjusted to fit the aT values, whereas T is the temperature and Tr 
is a reference temperature. 
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The dynamic mechanical analyzer employed on the tests of this Chapter is the DMA 8000 (Perkin Elmer, 
USA), where the tests for Young’s modulus estimation were made following ISO 527-1:2012, which is the 
standard recommended for Young’s modulus estimation in polymers [152]. In addition, the dynamic 
characterizations were made following ASTM D4065 standard for DMA testing in polymers [153]. The length 
and width of the DMA’s clamps (see Figure 3-1) are about 22 mm and 5 mm, whereas mass of the clamps is 
about 6 g. The sample length on the tests is about 20 mm. The analyzer also has a climatic chamber with a 
heater to isothermal tests and tests with temperature increase. The software of the analyzer saves the results on 
.xls format that is further processed and analyzed in a Matlab tool. The fiber fixation is shown in Figure 3-1. 
 
Figure 3-1 Schematic view of the POF sample positioning in the DMA. 
3.3. DMA on PMMA Solid Core POF 
The experimental analysis of this Section includes the temperature scan from 0 to 130°C to evaluate the 
changes of the polymer properties with this parameter and the glass transition of the fiber. In addition, a 
frequency scan is made on different temperatures (25°C to 45°C with steps of 5°C), where it is possible to 
obtain the variation of the viscoelastic properties on the polymer with the frequency and the temperature 
through the TTS principle [154]. Finally, creep recovery experiments are made on the fiber in order to obtain 
the POF relaxation time and the dependency of the viscoelastic parameters with the stress rate. After 
characterizing the POF properties, the strain tests are made to obtain its stress response, which shows a 
hysteretic response giving guidelines for the dynamic compensation technique for POF sensors developed in 
the next chapters (see Chapter 4 and Chapter 5).  
Three temperature sweeps are made with different samples, the range of these tests are between 0°C and 
130°C. The lower limit is chosen not only to start the test with the materials of the POF below its glass transition 
temperature, but also to present a broader view of the material behavior in lower temperatures. The upper limit 
is close to the fusion point of the fiber and higher than the fiber Tg. The employed frequency is 1 Hz and a 
constant displacement amplitude of 0.05 mm (in order to guarantee the stress-strain curve in the linear region) 
is applied to obtain a constant strain rate. Figure 3-2 shows storage modulus and the loss factor with respect to 
the temperature for the PMMA solid core POF. This experiment shows a Tg of the PMMA on a temperature 
higher than 100°C, where the storage modulus is low (below the analyzer resolution) and the loss factor is high 
(above 1.9). 
Although the POF manufacturer established an operation range between -40°C and 85°C, an operation 
limit between 24°C and 60°C is suitable for dynamic sensors applications as it coincides with the two 
transitions of the fiber, i.e., α-transition (about 20°C) and β-transition at 65°C. Since tan(δ) is the ratio between 
the storage and loss modules, as presented in Eq. 3.2, the storage modulus is almost ten times higher than the 
loss modulus on temperatures between 5°C and 25°C (see Figure 3-2). Such difference is caused by the lower 
movement of the polymer molecules, leading to the decrease of friction between them that causes the increase 
of the storage energy [59], which in this case is almost ten times higher than the dissipated energy. For this 
reason, the POF curvature sensor presents an elastic behavior even in temperatures below 25°C, which enables 




Figure 3-2 Temperature sweep on the solid-core PMMA fiber. 
After the determination of the temperature effect over the viscoelastic parameters, the frequency is also 
evaluated by performing a frequency sweep on the fiber. The frequency range is between 0.01 Hz and 21 Hz 
and each sweep is performed at a constant temperature. The lower bound of the test (0.01 Hz) is limited by the 
analyzer resolution, whereas the upper bound of 21 Hz is sufficiently large to cover the frequency of movement 
for applications of wearable sensors in human joints [155]. The employed temperatures were 25°C to 45°C on 
steps of 5°C, which is the range of temperatures within the human skin thermal comfort [6]. The combined 
analysis of the temperature and frequency effects enable the application of the TTS principle. According to 
this principle, there is an interchangeability between the variation of the temperature and frequency over the 
viscoelastic parameters [151]. Figure 3-3 shows the results of the frequency scan test for the storage modulus. 
There are five curves, one for each temperature. Since there is only an offset with the temperature raise, the 
materials of the analyzed POF are thermo rheological simple [59] and it is possible to apply the TTS principle 
(see Section 3.2). 
 
Figure 3-3 Storage modulus for frequencies between 0.01 Hz and 21 Hz with different temperatures. 
The next step on the fiber characterization is the creep recovery test, which comprises of applying a 
constant stress on the fiber with constant frequency and temperature. This test is employed to obtain the 
polymer relaxation time. In order to evaluate the relaxation time dependency with the stress or strain rate, the 
creep recovery test is made with different load conditions. In this case, four tests are made with loads of 0.5 N 
through 2 N on steps of 0.5 N. The frequency of this test is 1 Hz and the test is made at room temperature. 
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In order to enable the analysis of the relaxation, the input and output are normalized with respect to its 
mean value. Hence, it is possible to obtain the POF relaxation time for each test. The difference between the 
curves obtained for each load is its amplitude on strain response. The difference between the maximum and 
minimum of the normalized strain measured on the test with 0.5 N is 0.058. This difference increases as the 
force applied on the test increases until it reaches 0.17 on the test with 2 N load. Figure 3-4 shows the results 
for the test with different loads, where the error bars are related to the precision of the DMA sensors. Similar 
results are found on the literature [156]. 
 
Figure 3-4 POF creep recovery tests with loads of 0.5 N to 2 N. 
As presented in Figure 3-4, an exponential fit is made on each curve of the creep recovery tests and the 
POF relaxation time is the time constant obtained on these exponential approximations.  Since there are two 
different materials, polyethylene and PMMA, the performed exponential regression is a sum on two 
exponentials, one may be related to the PMMA relaxation and the other to the polyethylene, as presented in 






  ,                  (3.4) 
where ε is the strain, t is the time, τ1 and τ2 are time constants. 1y and 2y are the weights of each exponential. 
This approach is similar to the Prony series, which is employed for the estimation of the polymer relaxation 
[59]. 
The first relaxation time (τ1) obtained is 4.89±1.61 seconds, whereas, the second relaxation time (τ2) is 
273.46±202.54 seconds. Since it is closer to the one obtained in the literature, the first relaxation time may be 
related to the PMMA [156] and the second to the polyethylene (jacket of the PMMA POF). However, the 
relaxation time is not constant either. For this reason, the viscoelastic material does not have a unique relaxation 
time, it has a range of relaxation times [156]. This behavior of the polymer also can be a source of its hysteresis. 
The polyethylene presents higher relaxation time than the PMMA and will also present a range of relaxation 
times proportionally higher, which can explain the higher variation of the polyethylene relaxation time. In 
addition, the temperature also influences the relaxation time of some polymers [59], which can be the case of 
the polyethylene, since there is a variation of about 0.5°C on the tests with 0.5 N and 1.5 N.  
The material hysteresis is shown in the strain scan tests that were carried out. The test comprises of 
applying cycles of strain on the fiber with constant temperature and frequency. The strain cycle is defined as 
displacements of the movable part of the analyzer, which are related to the strains of 0.1% to 1%. The lower 
bound of the test is due to the analyzer resolution, whereas, on strains higher than 1%, the PMMA starts to 
present a highly nonlinear behavior [41], since Young’s modulus analysis requires that the material is on its 
linear region of the stress-strain curve [154]. The employed frequency is 1 Hz and the temperature is about 
29°C (room temperature). The relation between stress and strain and the viscoelastic parameters is analyzed. 
Figure 3-5 shows the stress response for two strain cycles. The hysteretic behavior of the fiber is clear on the 
two cycles. Both cycles present similar hysteresis and the obtained hysteresis is similar to the one presented 
for viscoelastic materials reported in [151]. Similar hysteresis is found on the analysis of the storage modulus 
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and loss factor. For this reason, one way to model this hysteretic behavior of the polymer is based on the 
differences between the loss factor and relaxation time in loading and unloading curves, which will be explored 
in Chapter 4 and Chapter 5. 
 
Figure 3-5 POF curvature sensor stress response with two strain cycles. 
The last set of tests made with the PMMA POF samples is the humidity tests. These tests present some 
operational limitations, since the humidity needs to be kept constant for some minutes in order to enable the 
polymer moisture absorption, where the humidity is kept constant by setting a constant value for the humidity 
controller for the desired amount of time. The relative humidity (RH) range of the test is from about 65% to 
95%, where the lower bound of the test is maintained constant for about 30 minutes to enable the polymer 
water absorption. Figure 3-6 presents the Young’s Modulus variation of each POF with respect to the RH. 
Regarding the humidity sensitivity, the PMMA mPOF presented the high humidity sensitivity with a Young’s 
Modulus variation three times higher than the one of the PC POF, whereas the lowest Young’s Modulus 
variation was found for the TOPAS mPOF and TOPAS-Zeonex step index POF (see [157]). Thus, PMMA 
POFs are suitable for humidity sensing and, on the other hand, compensation for humidity effects are needed 
in temperature and force sensors as will be presented in Chapter 4. 
 
Figure 3-6 POF curvature sensor stress response with two strain cycles. 
3.4. Dynamic Characterization of CYTOP Fibers 
3.4.1. Experimental Analysis 
In the CYTOP characterization, the DMA was performed in separate regions of the same CYTOP fiber: 
one in the region without the FBG and the other in the region where the FBG was inscribed. Each sample has 
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7 mm length and the tests are made with a maximum displacement of 0.5 mm. For the dynamic characterization 
of the polymer viscoelasticity, the displacement was about 0.05 mm and, for the temperature characterization 
of the storage modulus, the temperature varies from 27°C to 125°C at a constant strain cycle frequency was 
1 Hz. In contrast, the storage modulus characterizations as a function of the strain cycle frequency are 
performed at constant temperatures, where the cycle frequency varies from 0.01 Hz to 100 Hz. The frequency 
characterization was performed at four different temperatures, namely 30°C, 40°C, 50°C and 60°C. 
In order to verify the Young’s modulus of each sample, stress-strain cycles were applied on the samples 
with and without FBGs. First, a stress-strain cycles with strain up to 6% is applied on the CYTOP (without 
FBG) in order to evaluate its response with larger strains. Then, stress-strain cycles are applied on both samples 
(with and without FBG) with strains up to 0.25%, since this region (0-0.25%) is the one recommended by ISO 
527-1:2012 standard for Young’s modulus estimation in polymers [152], where the Young’s modulus is 
estimated through the slope of the stress-strain curve. 
3.4.2. Results and Discussion 
The stress-strain test with higher range for the CYTOP sample without FBG is presented in Figure 3-7(a), 
whereas the tests with smaller range for Young’s modulus estimation of both regions of the CYTOP are shown 
in Figure 3-7(b). The stress-strain curve of Figure 3-7(a) shows a linear response until about 2.5% strain with 
a yield stress of 70 MPa for the CYTOP fiber (without FBG) and the strain region for the Young’s modulus 
evaluation are also presented. In the evaluation of the Young’s modulus, depicted in Figure 3-7(b), it is possible 
to see a linear stress-strain relation in which there is an increase of the stress-strain curve slope for the sample 
with FBG inscribed (using direct-write plane-by-plane fs laser). Thus, the sample with FBG has a higher 
Young’s modulus than the one without FBGs. However, the difference between both samples is about 
0.22 GPa, which represents a relative Young’s modulus variation higher than 10%. It is noteworthy that this 
relative variation is higher than the standard deviation between the three performed tests. In addition, it is also 
higher than the measurement uncertainties (due to the equipment resolution), such difference in the POF 
material properties must be considered in the following evaluations of the POFBG, since the proposed sensor 
applications are based on the applications of stress, strain and displacements on the POFBGs (see Chapter 5). 
For this reason, the tests for the POF material evaluation under different conditions are made where the FBG 
was inscribed.  
 
(a)            (b) 
Figure 3-7 (a) Stress-strain curve for the CYTOP without FBGs in a strain range of 0-6%. (b) Stress-strain curves for 
Young’s modulus calculation for CYTOPs with and without FBGs. 
The CYTOP (with the inscribed FBGs) material properties is also evaluated under different temperature 
and frequency of oscillatory movements. In order to estimate the CYTOP moduli at higher frequency range, 
the TTS principle is applied, which enables the creation of master curves for estimation of the material 
viscoelastic properties within ranges higher than the ones of the DMA equipment [151]. As the principle 
requires a linear viscoelastic regime [151], Figure 3-8(a) shows the storage modulus of the sample as a function 
of the temperature, where Figure 3-8(b) depicts the frequency response of the material within the temperature 
range 30°C-60°C.  
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In the analyzed range, the temperature leads to a linear shift (aT) on the storage modulus – frequency curves, 
which is in agreement with the first requirement for the TTS principle and define the material as 
thermorheological simple in this temperature range [151]. The second requirement is that there is no physical 
changes or phase transition on the material on the considered temperature range [151]. In order to verify this 
assumption, the loss factor, tan(δ), of the material is analyzed, as Figure 3-9 depicts. In this case, the tan(δ) 
peak (at 122°C) is associated with the material glass transition temperature (Tg), which limits the TTS principle 
application of the POFBGs in temperature higher than (or close to) the Tg. Nevertheless, the results of Figure 
3-9 also show that the material does not undergo any phase transition in the analyzed temperature range (30°C 
to 60°C).  
 
(a)              (b) 
Figure 3-8 (a) CYTOP’s storage modulus as a function of the temperature. (b) Frequency response in 4 different 
temperatures (30°C, 40°C, 50°C and 60°C). 
 
Figure 3-9 Loss factor on the range of 27°C to 130°C. 
Hence, Figure 3-8 and Figure 3-9 provide sufficient background to the application of the TTS principle on 
the frequency and temperature results. In this case, it is possible to extent the estimation of the material 
viscoelastic properties to a frequency range up to 500 Hz (higher than the DMA operation range) as shown in 
with a reference temperature of 30°C. The master curve shows an increase of the storage modulus as a function 
of the frequency, which enables the application of the proposed POFBGs array in such frequencies with the 
possibility of estimating possible sensitivity variations in such frequencies as will be described in Chapter 5. 
However, since the proposed applications do not involve frequencies higher than 100 Hz, Figure 3-10 shows 
the storage modulus variation from 0.01 Hz to 100 Hz. 
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Figure 3-10 Master curve for the FBG inscribed in CYTOP fiber. 
3.5. Final Remarks 
This Chapter presented the dynamic characterization of the POFs that will be applied as intensity variation-
based sensors (PMMA) and FBG sensors (CYTOP). First, temperature tests are made to define the variation 
of the material dynamic Young’s modulus, where it can be seen the material transitions (Tg, α- and β-
transitions). After defining the influence of the temperature on the POF viscoelastic parameters, the effect of 
the frequency is analyzed. The variation of the dynamic Young’s modulus was evaluated on different 
temperatures steps on a frequency scan for both materials (PMMA and CYTOP). This analysis enables the 
application of the TTS principle in order to obtain an equation relating the viscoelastic response and 
temperature offset, which was applied on the CYTOP fiber. Furthermore, the influence of the FBG inscription 
using the fs laser was quantitatively assessed in this Chapter, where the sample with inscribed FBG presented 
a Young’s modulus 10% higher when compared with the one without gratings inscribed, leading to higher 
rigidity of the fiber.  
A creep recovery test is made on the PMMA fiber to obtain the variation of the polymer time constant with 
the load applied on the test. There are two time constants, since the polymer does not have a single time 
constant and the polymer relaxation can be estimated through a Prony series of order 2 (further explored in 
Chapter 4 and Chapter 5). In addition, the stress-strain cycles show a hysteresis, which indicate that this 
undesirable effect can be compensated in POF sensors by analyzing the material features of each fiber. In 
summary, this Chapter presented fundamental aspects of the polymer behavior, which are the basis for the 





Chapter 4. Intensity Variation-based Sensors 
4.1. Introduction 
This chapter presents developments and applications of intensity variation-based sensors for healthcare 
devices, particularly, gait assistance and rehabilitation devices. Among different techniques, intensity variation 
based sensors are the ones that present the lowest cost, highest simplicity in fabrication, since it does not need 
specialized equipment such as the gratings-based sensors and also have simplicity in the signal processing 
[158]. Aiming at a low-cost sensor system with the advantages of POFs for sensor applications, the 
development of different intensity variation-based sensors with multimode POFs is presented. However, 
intensity variation-based sensors have the disadvantage of errors due to the light source power deviation, which 
can be reduced by the use of self-referencing techniques [112], [159]. Another important disadvantage is their 
lack of multiplexing capabilities, which inhibit the application in multipoint [69] or multiparameter [160] 
measurements. In order to tackle this drawback, a multiplexing technique for intensity variation-based sensors 
is also proposed and validated. 
4.2. Curvature Sensor 
When the fiber is under curvature, there is a variation of the output signal proportional with the curvature 
angle. In a concave bending case, there is an increase of the reflections on the convex side of the curvature and 
a decrease on the concave side. For this reason, if the sensitive zone is on the convex side, there will be more 
rays escaping when compared with the fiber at the straight position, which leads to the attenuation of the output 
signal. Furthermore, the angle between the incident ray and the sensitive zone surface increases with the fiber 
curvature, which leads to a coupling between some higher guided modes and lower guided modes and increase 
the surface scattering loss, creating an attenuation on a POF with sensitive zone [161] (see Figure 4-1 inset).  
 
Figure 4-1 Schematic view of the POF sensor under curvature. 
Despite the attenuations due to the macrobending and the surface scattering, there is also an output signal 
attenuation caused by the stress-optical effect. Since the curvature of the fiber also generates a stress on the 
fiber, the POF refractive index changes and it leads to an attenuation of the POF sensor signal and it is 
proportional to the stress on the fiber [162]. Figure 4-1 shows the attenuation mechanisms of the POF curvature 
sensor. In addition, the whole description and analytical model (proposal and validation) for this sensor are 
depicted in Appendix A. Since the sensitive zone parameters, surface scattering and stress-optic effects can 
influence the sensor response, the performance of a curvature sensor (with respect to sensitivity, linearity and 
hysteresis) will be influenced by the sensitive zone length, depth and surface roughness as well as the sensor’s 
curvature radius. These parameters are thoroughly verified in Appendix B, where an optimization of the 
sensitive zone parameters is presented aiming at the highest sensitivity and linearity with lower hysteresis. 
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Such optimization resulted in an optimal length of about 14 mm, depth of 0.6 mm in an abrasive removal of 
material using a sandpaper with 400-grit size.   
4.2.1. Experimental setup 
The POF curvature sensor is positioned on the test prototype presented in Figure 4-2. The test comprises in 
bending the fiber for flexion and extension in 0-90° range. As the bending occurs, the light attenuation 
increases due the fiber curvature. The light variation is acquired by a photodiode IF-D91 (Industrial Fiber 
Optics, USA) with a transimpedance amplifier, where amplifier gain is correlated to the output voltage and, 
thus, the optical power. The light source is a low cost 3 mW@650 nm laser. A National Instruments USB-
6008 board makes the signal acquisition at 1 kHz. Since possible fluctuations in the light source, temperature 
and humidity can lead to undesired response of the sensor, a reference fiber is applied to compensate such 
variations [16]. Therefore, the sensor response is normalized with respect to the reference fiber response by 
means of a subtraction between the sensor and the reference responses. In this compensation technique, the 
laser provides light for both fibers and these fibers are further split into the reference and transducer fibers 
through the light coupler IF-562 (Industrial Fiber Optics, USA). The bending angle is acquired by a 
potentiometer and the motor has a closed loop position controller. 
 
Figure 4-2 Prototype employed on the dynamic tests of the curvature POF sensors. 
4.2.2. Compensation Technique Based on Viscoelastic Features 
4.2.2.1. Theoretical Approach and Implementation 
The sensor hysteresis compensation depicted in Appendix C is based on a technique that fits the sensor 
response with the hysteresis presented on each test in different angular velocities. In this case, the goal is to 
obtain a calibration equation that relates the measured signal and its angular velocity with the measured angle 
[16]. Even though the technique presented in Appendix C is the first one proposed to deal with the hysteresis 
in POF curvature sensors, the correlation may be lower in some cases due to the hysteresis variability, which 
decreases the technique robustness. In addition, this technique requires a high number of tests at each angular 
velocity, which is a time-consuming and cumbersome method. For these reasons, a compensation technique 
based on the material intrinsic behavior that results in equations for flexion and extension cycles without the 
necessity of a high number of calibration cycles can overcome some of the limitations of the previously 
proposed one. Thus, the compensation technique proposed in this section is based on the application of 
viscoelastic models (obtained from the PMMA characterization on Section 3.3) on the sensor analytical model 
for dynamic bending (further discussed in Appendix A). In summary, the model relates the input signal (Pi) 
and sensor response (Po) (considering the bending effects and stress-optic effects thoroughly discussed in 
Appendix A).  
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Considering the model presented in Appendix A for the optimized parameters obtained in Appendix B and 
disregarding the viscoelastic effects on the modeling, the equations of Appendix A can be reduced to the linear 






              (4.1) 
Since this equation was obtained without considering the viscoelastic effects, the hysteresis between the 
flexion and extension cycles is not modelled and cannot be compensated if only Eq. 4.1 is considered. Figure 
4-3 shows the sensor response to flexion and the linear regression using Eq. 4.1. 
 
Figure 4-3  POF sensor response estimated by the model and linear regression. 
On the analysis of a viscoelastic material, the static Young’s Modulus is substituted to a dynamic Young’s 
Modulus, which considers the polymer relaxation and the influence of the movement frequency on the polymer 
response. An approach for modelling this behavior is by applying the Maxwell model, which considers the 
viscoelastic response of the polymer as the response of a spring in series with a damper [151]. Solving the 
differential equations of the spring and dashpot responses, a single exponential is obtained [59]. However, 
single exponential functions may not provide an accurate behavior of some viscoelastic materials [59]. For this 
reason, a practical approach to obtain a more accurate response of the polymer is to employ higher order terms 
on the differential equations for the viscoelastic modelling. Hence, the polymer relaxation function is related 
with a sum of exponentials of order N. The exponential sum that results on the polymer relaxation function 


















 ,                (4.2) 
where  ny  is the weight of each exponential, n  is the time constant of each order of the model and t  is the 
time. The general disadvantage of the Prony series approach is that it can lead to complicated assembles of 
springs and dashpots that cannot be characterized, since there is no identification of these mechanical 
components as physical features of the material [59]. Nevertheless, for materials that behave as lower order 
models, the Prony series can lead to more accurate values than the Maxwell model with a single exponential. 
In this case, the order of the model chosen is 2 (that can be correlated to association with springs and dampers), 
which is the one obtained in DMA experiments with the same fiber, as presented in Chapter 3.  
For the POF curvature sensor, movement frequency is related to the angular velocity on the sensor 
flexion/extension cycles, whereas the polymer response is the POF sensor response. Assuming that the sensor 
hysteresis is related to the viscoelastic response, the polymer relaxation leads to the sensor hysteresis and 
possible variations on its linearity. Therefore, the POF power variation can be substituted on Eq. 4.2. 
Nevertheless, the response for flexion presented in Figure 4-3 has no hysteresis, which means that the extension 
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movement presents the same response. Hence, it is the ideal response for the POF curvature sensor. In order 
to obtain a response close to the ideal one presented in Figure 4-3, the POF responses measured on 
flexion/extension cycles are compensated with the POF power variation obtained by the analytical model as 
the reference response. Furthermore, the time presented in Eq. 4.2, is the ratio between the angle and the 




























,            (4.3) 
where
1y  and 2y are the weights of each exponential, 1 and 2 are time constants of the materials and   is 
the angular velocity. Furthermore, the angle in Eq. 4.3 is substituted by the expression obtained isolating 
in Eq.4.1, where the power ratio is the measured attenuation of the POF sensor on the flexion and extension 
movement from 0 to 90° with constant angular velocity of 0.34 rad/s. Hence, two equations, one for flexion 
and one for extension, relating the measured power attenuation and a reference power attenuation, are obtained.  
In order to obtain the coefficients 
1y  , 2y , 1  and 2 , a regression is made using the least squares method 
for flexion and extension movements. The equations with the estimated coefficients result in a compensated 
response of the POF curvature sensor that presents lower errors, hysteresis and higher linearity. 
Although the Eq. 4.3 shows that the response depends on the angular velocity that the sensor is submitted, 
the estimated time constants are related to the material features. Nonetheless, the polymer does not have a 
constant time response, it has a range of time response, instead. For this reason, the regression made for 
obtaining the coefficients at an angular velocity of 0.34 rad/s may be suitable for compensating the hysteresis 
for a wider range of angular velocities. This assumption excludes the necessity of a characterization with 
different angular velocities as presented in Appendix C, which leads to an easier characterization process and 
results in a simpler equation. The obtained coefficients are applied in Eq. 4.3, which are substituted in Eq. 4.1. 
Isolating the angle, Eq. 4.4 and 4.5 are obtained. These equations are the compensated equations for the POF 
curvature sensor for flexion and extension, respectively, for an angle range of 0 to 90°. These equations are 
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are the POF power 
attenuation for flexion and extension, respectively. It is worth to mention that such procedure has to be applied 
for each sensor. 
4.2.2.2. Compensation technique validation 
To validate the proposed technique, flexion and extension cycles are performed with 9 different constant 
angular velocities: 0.05 rad/s, 0.09 rad/s, 0.17 rad/s, 0.34 rad/s, 0.43 rad/s, 0.57 rad/s, 0.82 rad/s, 1.04 rad/s and 
1.61 rad/s using the experimental setup described in Section 4.2.1. These velocities are within the range of 
human gait. Three cycles are performed at each angular velocity. The compensated equations, Eqs. 4.47 and 
4.48 are applied at each movement cycle. In order to have a comparison between the compensated and 
uncompensated responses, the results obtained with the application of the compensation technique are 
compared with the results obtained by applying only a linear regression on the sensor response. Figure 4-4 
shows the flexion/extension cycle at 0.34 rad/s for the uncompensated, Figure 4-4(a), and compensated 
responses, Figure 4-4(b), respectively. 
The presented results in Figure 4-4 (with and without the compensation technique) show the improvement 
that the compensation equation is able to provide. The response without the compensation has a hysteresis of 
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1.62%, whereas the response applying Eqs. 4.4 and 4.5 presented a decrease of more than 100 times. In this 
case, the hysteresis of the compensated response is 0.01%. Nevertheless, not only the hysteresis decreases, but 
also the RMSE shows a high reduction. The RMSE for the uncompensated flexion/extension cycle is 2.44° 
and the RMSE for the same cycle with the compensation equation is 0.44°, which means an error reduction of 
more than 5 times. This is a significant reduction, since conventional technologies for joint angles assessment 
present errors equal or higher than 2.00° [163]. Another advantage of the proposed compensation is the 
increase of the sensor linearity. In the case shown in Figure 4-5, the linearity of the sensor for the flexion cycle 
without compensation is 0.9994, which already is a high linearity. However, the linearity of the same cycle 
with the compensation is 0.9996 showing a slight increase. If the extension cycle is analyzed, the differences 
are even higher, i.e. the linearity of the extension cycle, which was 0.9965 without compensation, is increased 
to 0.9999 with the compensation technique based on POF viscoelastic features.  
 
(a)                (b) 
Figure 4-4  (a) POF sensor response without the application of the compensation equation and (b) POF sensor response 
with the compensation equation. 
Since the estimation of the equation parameters presented in Eq. 4.4 was made for the angular velocity of 
0.34 rad/s, it is expected that the analysis of the sensor response on this angular velocity will lead to a better 
response of the POF sensor with respect to its linearity, hysteresis and error. Even if different flexion/extension 
cycles are employed, their responses will present better compensation of the performance parameters 
mentioned than the ones with different angular velocities. In order to evaluate the response on different angular 
velocities and explore the limits of the proposed compensation equation, the technique is applied on the nine 
different angular velocities aforementioned. Figure 4-5(a) shows the comparison of the POF sensor responses 
with and without the compensation technique with respect to their hysteresis and RMSE. Regarding the 
hysteresis, the higher reduction of this parameter occurs at the angular velocity of 0.34 rad/s, which is the 
angular velocity employed on the estimation of the parameters from Eqs. 4.4 and 4.5. Furthermore, the 
proposed compensation technique was able to reduce this parameter in all cycles, except the one at 0.80 rad/s.  
However, in this cycle the hysteresis was already very low, since the uncompensated hysteresis for this cycle 
is about 0.22%. Nevertheless, the hysteresis obtained with the application of the compensation technique was 
0.50%, which is lower than the ones obtained in [111] and on the results showed in [164]. The lower reduction 
of the hysteresis was obtained on the angular velocity of 0.43 rad/s and can be related to the variation of the 
viscoelastic properties on this specific cycle. Besides the angular velocity of 0.34 rad/s, which was employed 
for the parameters’ estimation, the angular velocity of 0.43 rad/s presented the highest reduction of the RMSE.  
 Although the hysteresis presented a little increase on the cycles at the angular velocity of 0.80 rad/s, the 
RMSE of the uncompensated response at this angular velocity is 2.32°, whereas after applying the 
compensation equations, the RMSE on the same cycle is reduced to 0.86°. The same behavior occurs in all 
angular velocities tested, where the compensation technique was able to reduce the RMSE in all tested cases. 
Furthermore, the compensation technique provides a RMSE below 1.00° for the angular velocities between 
0.09 rad/s and 1.04 rad/s, where the lowest RMSE was obtained at the angular velocity of 0.34 rad/s. The 
average reduction of the RMSE is about 1.60°. 
 The compensation technique based on the polymer viscoelasticity is also able to enhance the linearity of 
the POF curvature sensor on both flexion and extension cycles. The linearity of the sensor at each angular 
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velocity on flexion and extension cycles is presented in Figure 4-5(b). The proposed compensation equations 
were a suitable solution to increase the sensor linearity on both flexion and extension cycles in all cases tested. 
The lowest increase, among the ones tested for flexion movement, occurs at the angular velocity of 0.05 rad/s, 
whereas for the extension movement, there is a substantial increase of the linearity in all cases. The reason for 
the higher increase of the linearity on the extension movement is that the linearity of the flexion movement 
without the compensation technique is already high with a mean value of 0.9990. Hence, it has a smaller range 
for improvement if it is compared with the extension movement, which has a mean linearity of 0.9966. This 
difference on the linearity of the flexion and extension cycles is a source of errors of the POF curvature sensor 
and it is related to the polymer viscoelastic response. As presented in Figure 4-5(b), the linearity of the flexion 
cycle is close to the extension cycle case when the compensation technique is applied. 
 
(a)                (b) 
Figure 4-5 (a) Comparison of the measured hysteresis and RMSE with and without the compensation technique. (b) 
Comparison of the linearity at the flexion and extension movements with and without the compensation technique. 
Figure 4-5 shows that there is an interval of angular velocities that provides hysteresis lower than 0.50%, 
RMSE lower than 0.80° and linearity for flexion and extension close to 1. This interval is between 0.15 rad/s 
and 1.00 rad/s and it can be considered as the optimum interval of angular velocities when the coefficients of 
Eqs. 4.5 and 4.6 are obtained from the angular velocity of 0.34 rad/s. If the angular velocity changes, the 
optimal interval also changes. Therefore, if a wider range of angular velocity is needed for a certain application, 
it may be necessary to obtain different sets of coefficients for pre-defined intervals. Nevertheless, the same 
procedure for obtaining compensated equations can be applied to any interval of angular movement. 
Furthermore, the obtained results with the proposed compensation technique lead to a sensor with lower errors 
and lower hysteresis than the ones presented in [110], [111], [165]. Moreover, the developed technique presents 
a better performance with respect to the increase of linearity, reduction of hysteresis and RMSE than the 
hysteresis compensation technique based on linear regressions presented in [166] (Appendix C), with the 
additional advantage of requiring less calibration cycles. 
4.3. Temperature and Humidity Sensors 
In order to overcome some of humidity sensors’ limitations and to achieve a system capable of measuring 
the climate parameters discussed in Chapter 1, this section presents the development of a low-cost system for 
measurements of temperature and humidity with POF intensity variation-based sensors. The sensor is based 
on the variation of the fiber’s mechanical properties due to temperature and humidity variations (as 
characterized in Chapter 3). If the fiber is submitted to a predefined torsional stress, the variation of its 
mechanical properties leads to a variation of the fiber’s output power due to the stress-optic effect. Such effect 
is the variation of the fiber’s refractive index when it is submitted to a stress discussed in Section 4.2 and 
modelled in Appendix A. Furthermore, as presented in [141], the stress applied on the fiber can reduce the 
response time of the sensor. Moreover, a fiber etching is made on the sensor to further reduce its response time 
as demonstrated in [167]. 
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4.3.1. POF Microclimate Sensors Operation Principle 
The variation of the refractive index leads to a variation of the POF’s output power. In addition, PMMA 
POFs show variation of their shear and Young’s moduli when the temperature is changed. Besides the variation 
of the mechanical properties of the fiber, the variation of the RH leads to refractive index variation due to water 
absorption-induced swelling on the PMMA POF [141]. Since the material is affected by the influence of both 
temperature and humidity, a humidity sensor based on this principle will suffer from temperature cross-
sensitivity and vice-versa. For this reason, two POFs under torsion stress were employed. Each sensor’s 
response will be a sum of the contribution of the temperature and RH variations. Therefore, a system with two 
variables and two equations is obtained. In order to separate the RH and temperature responses, a direct 
difference between the sensor’s equations (considering their sensitivities with respect to temperature and 
humidity) is applied, as presented in Eq. 4.6. This principle is widely applied to reduce the temperature cross-





















































,             (4.6) 
where RH  and T are the RH and temperature variations, respectively. 
RHK ,1  is the sensitivity of the sensor 
1 to the RH variation, whereas 
TK ,1 is the sensitivity of the sensor 1 to temperature variation. The parameters 
RHK ,2  and TK ,2 are the sensitivities of the sensor 2 to RH and temperature, respectively. 1P  and 2P are the 
measured power of sensor 1 and 2, respectively.
0,1P  is the initial power of sensor 1 and 0,2P  is the analogous 
parameter for the sensor 2. In addition, if Sensors 1 and 2 are connected to the same light source, the effects 
of the power fluctuation from the light source will be compensated by the subtraction between both sensors 
responses through the application of Eq. 4.6, as discussed in [170]. It is noteworthy that the torque 
characterization on the POFs used in this work is depicted in Appendix D. 
4.3.2. Experimental Setup 
The tests are made with the experimental setup presented in Figure 4-6. It consists of an acrylic box with 
an inlet on its top for the injection of steam through an air humidifier. The box also has two holes on its left 
and right sides for the POF sensors, which are submitted to a constant torque through the four supports 
presented in Figure 4-6. Each support has a degree of freedom for rotation around the z-plane and a lock 
mechanism to keep each fiber on the torsion angle applied. The light source is a low-cost laser 3 mW@650 
nm, which has its signal divided between both sensors with a 50:50 coupling ratio using a light coupler 1x2 IF 
562 (Industrial Fiber Optics, USA). Two photodiodes IF-D91 (Industrial Fiber Optics, USA) make the 
acquisition of the sensors power variations in volts (V) units. Furthermore, the data acquisition is made with 
the FRDM-KL25Z board (Freescale, USA) at 200 Hz. For the tests with temperature variation, the 
experimental setup presented in Figure 4-6 is positioned inside a climatic chamber 400/1ND (Ethik 
Technology, Brazil) with a closed-loop temperature controller. The reference measurement of temperature and 
humidity is made with HTU21D (Measurement Specialties, USA) temperature and humidity sensor. 
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Figure 4-6 Experimental setup for POF humidity and temperature sensors tests. 
4.3.3. Results and Discussion 
4.3.3.1. Relative Humidity (RH) Characterization 
After the torque’s characterization shown in Appendix D, two POFs with a lateral section are subjected to 
a humidity characterization. In order to show the influence of the torque’s direction in the response of the 
sensor, the applied torques have different directions. In the Sensor 1, the torque is applied in the 
counterclockwise direction, whereas in the Sensor 2, the torque is applied in the clockwise direction. A higher 
torsion angle is applied in the Sensor 2, which will create a higher torque on it. However, Sensor 2 has a lower 
lateral section depth than the one in Sensor 1. For this reason, the POF’s initial output power of Sensor 2 is 
lower than the one of the Sensor 1. The power variation after the torque’s application is higher on the Sensor 
2 than on the Sensor 1. 
Before the RH characterization tests, silica gel is inserted on the acrylic box through the steam inlet to 
reduce the RH inside the box (see Figure 4-6). After the reduction of the RH, the output of an air humidifier is 
positioned on the steam inlet until the RH inside the box reaches values of about 98%. The same process is 
repeated 3 times and the results obtained for both sensors are presented in Figure 4-7, in which the blue line 
and the red dashed line represent linear fit of the Sensor 1 and Sensor 2 responses, respectively. Although the 
test is made until reaching higher RH values, the characterization is limited to the interval of 10% to 70%. The 
reason for the analysis on this interval is the lower variation of temperature in that range, which provides the 




Figure 4-7 RH characterization of POF sensors. 
As presented in Figure 4-7, the torque’s direction leads to a variation of the sensor polarity. For the 
counterclockwise torque, the power attenuates when the RH increases. As for the torque on the clockwise 
direction, the opposite effect occurs. The reason for this behavior is related to the change of the direction of 
each tensor’s component presented in Eq. D.1.  
4.3.3.2. Temperature Characterization 
The temperature characterization is made by means of positioning the setup presented in Figure 4-6 in a 
climatic chamber with closed loop control. The test consists of increasing the temperature from 24°C to 44°C. 
The reason for this temperature interval is the possibility of a thermal expansion on the POF when the 
temperature is higher. If this effect occurs, it changes the fiber torsion angle, which leads to a variation of the 
sensor’s behavior. Furthermore, if the fiber is submitted to higher thermal expansion, it is possible that it does 
not return to its original shape. Nevertheless, the temperature range applied is within the limits of the comfort 
regions for microclimate sensing applications [6], in which such higher thermal expansion may not occur. 
With the temperature test in the range of 24°C to 44°C done, the result of the characterization for both POF 
sensors and the linear regression of their responses are presented in Figure 4-8 Since the used heater does not 
have RH control, the humidity changes throughout the test. However, the sensor response with respect to the 
RH are already characterized. Therefore, for the temperature characterization without the RH cross-sensitivity, 
the RH measured by the reference sensor is applied to the characterization equation obtained in the humidity 
tests and is subtracted from the response of each sensor in the temperature characterization tests. 
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Figure 4-8 Temperature characterization of POF sensors. 
In the case of temperature variation, both sensors present the same behavior, i.e. when the temperature 
increases, the power also increases. This difference in the behavior with temperature and RH may be due to 
the difference of these parameters in the POF materials, which is related to minor differences between Sensors 
1 and 2 torsion angles. In addition, the POF’s anisotropy and deviations on the manufacturing parameters such 
as pulling force and temperature of the fibers can lead to differences in the sensor’s behavior. The variation of 
the humidity may have different effect in the material’s mechanical properties, what also can explain the higher 
sensitivity of the Sensor 2 compared with Sensor 1 (see Figure 4-8). The sensitivity of Sensor 2 with respect 
to the humidity variations is about 70% higher than the one for the Sensor 1, whereas the sensitivity for 
temperature variations is 54% higher than the one presented by Sensor 1. 
The higher sensitivity of Sensor 2 with respect to the temperature can be related to its higher lateral section 
depth, which leads to an increase of the stress-optic effect variation due to the temperature effects in the POF’s 
material properties. Since the difference of the sensitivity between Sensors 1 and 2 is higher in the RH analysis, 
the effect of the RH on both polyethylene and PMMA can lead to an increase of the modulus of one material 
and a decrease of the modulus in the other. This can explain the difference of 16% of the ratio between the 
sensitivities of Sensors 1 and 2 with respect to the humidity when compared with the same ratio with respect 
to the temperature. 
4.3.3.3. Simultaneous measurement of temperature and RH 
The test is performed with the setup positioned inside the heater and with the air humidifier output 
positioned on the steam’s inlet. In this test, the humidity is increased from 5% to 97% without changing the 
temperature due to operational limitations. However, the simultaneous variation of humidity and temperature 
is obtained on the second part of the test, in which the temperature increases from 24°C to 38°C and the 
humidity drops to almost 25%. Then, the temperature is increased to about 46°C and reduced again to about 
41°C, while the humidity had a variation lower than 5%. Figure 4-9 shows the results obtained with the POF 
sensors in the described test. The response is obtained by applying Eq. 4.6, in which the coefficients of the 
equation were obtained from the temperature and RH characterization, which are presented in Table 4-1. 
The blue dashed lines in Figure 4-9 represent the points or intervals at which the RH of the reference sensor 
was acquired. The point ‘RH1’ is the response of the reference sensor in the beginning of the test, and the point 
‘RH2’ is the one of the reference sensor’s response when the humidity reaches its maximum value. ‘RH3’ 
relates to the interval of the second part of the test, during which the temperature is increased. Since the 
response time is defined in [171] as the time that the sensor takes to reach the 90% final humidity value (97%), 
the response time of the proposed sensor is about 5 minutes (measured between RH1 and RH2 without 
considering the response time of the climate chamber step), which is a response time lower than the ones 
presented in [141], [171] with the additional advantage of a lower cost. The red dashed lines refer to the 
intervals of the reference sensor’s response with respect to the temperature. ‘T1’ is the temperature in the 
beginning of the test; ‘T2’ refers to the reduction of the temperature during the first part of the test; ‘T3’ is the 
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temperature measured after the increase of RH - which rises as long as the humidity reduces - and ‘T4’ is the 
maximum temperature obtained during the test. Finally, ‘T5’ is the temperature measured in the end of the 
test. It is noteworthy that there is a sharp decrease on the RH at about 8 minutes due to the combined effect of 
increasing the temperature and turning of the steam inlet. 
Table 4-1 Parameters applied on the simultaneous measurement of temperature and relative humidity. 
Symbol Parameter description Value 
 
Relative humidity sensitivity of Sensor 1 -9.57×10-5 
 
Temperature sensitivity of Sensor 1 -5.78×10-4 
 
Relative humidity sensitivity of Sensor 2 1.34×10-4 
 Relative humidity sensitivity of Sensor 2 1.07×10
-3 
 
Initial power of sensor 1 0.5535 
 
Initial power of sensor 2 0.3199 
 
Figure 4-9 POF sensor’s response for temperature and humidity tests. 
The proposed POF sensors are capable of tracking the humidity and temperature variations. Comparing 
the measured points of the reference sensor with the POF sensor’s responses, the proposed optical fiber sensors 
showed (with respect to the reference sensor) a RMSE of 1.12°C for temperature and 1.36% for RH. A 
limitation of these sensors is that higher changes of the sensor’s torque leads to variation of the sensor’s 
behavior. However, it can be reduced if the sensing region of the fibers are protected with a metal coating or 
some other material (such as 3D-printed materials discussed in the applications of Chapter 6) that prevents the 
higher variation of the torque in the fiber if it is submitted to an impact or additional strain. 
4.3.3.4. Polymer optical fiber etching to reduce humidity sensor 
response time 
Although the proposed sensor is a low-cost solution that is able to measure RH with a response time lower 
than the ones presented in [141], [171], it still has a response time higher than the one of the etched POFBG 
presented in [48]. The fiber etching can reduce the polymer Young’s modulus and reduce the sensor response 
time by means of the diameter reduction. In this way, the increase of the POF stress due to fiber diameter 








etching was made on the sensor’s sensitive zone, such zone was placed inside a container filled with pure 
acetone for 4 minutes. This chemical treatment leads to a diameter reduction of the POF sensitive zone of 
about 20% (0.76 mm). Since the solvent absorption leads to a molecular chain relaxation, causing the reduction 
of the Young’s modulus as characterized in [172], the effect of the etching in the fiber results in the response 
time reduction due to two effects. The first one is the increase of the stress on the fiber due to the Young’s 
modulus and diameter reduction, which improves the sensor’s response time as reported in [141]. The other 
effect is the increase of the rate of water absorption of the PMMA when its diameter is reduced, as reported in 
[167]. 
 
Figure 4-10 Improved response time with the etching on the POF humidity sensor based on induced stress-optic effect. 
The response time improvement of the proposed sensor is demonstrated in the tests with the experimental 
setup presented in Figure 4-6, in which the RH is increased from 25% to about 85%. The obtained results are 
presented in Figure 4-10, where the sensor presented a response time of 14.2 seconds on the entire range of 
the test, meaning that for 10% of RH variation, there is a response time lower than 2.0 seconds. Such response 
time is close to the one presented in [48] since a 4.5 seconds response for a 30% RH variation was reported, 
meaning a response time for 10% variation of about 1.5 seconds. In addition, the proposed sensor has a lower 
cost and a higher fiber diameter that makes the POF more robust and easier to handle. However, the etching 
reduces the sensor’s reproducibility and its easiness of its fabrication, creating a tradeoff between the sensor’s 
easiness of fabrication and response time. In applications that response times higher than 2 seconds are not an 
issue, it may be preferable to use a humidity sensor without etching treatment, such as the one presented in 
Section 4.3.3.3. 
4.4. Multiplexing Technique for Quasi-distributed Sensors Arrays in Polymer 
Optical Fiber Intensity Variation-based Sensors 
The techniques for distributed sensors include optical time-domain reflectometry (OTDR) and optical 
frequency-domain reflectometry (OFDR), which are commonly employed [173]. However, such techniques 
have issues related to their spatial resolution of some meters. Although a resolution of centimeter level can be 
achieved with distributed sensors based on Brillouin analysis, these interrogation techniques generally present 
much higher cost. In addition, OFDR generally requires bulk hardware that includes components like swept-
laser interferometer and microwave photonics circuit. Furthermore, quasi-distributed sensors system based on 
FBG arrays can have higher resolution, since it is only limited by the physical separation between FBGs. 
However, these arrays still have aforementioned disadvantages of high interrogation cost and, for FBGs, there 
is also the necessity of specialized equipment for the grating inscription [68]. A cost-effective sensor quasi-
distributed sensor system for liquid leakage detection is presented in [174], where a flexible lamp belt with 
LEDs is side-coupled to POF with lateral sections. Each end facet of the fiber is connected to a power meter 
and the forward and backward optical power are compared. However, the system was applied only on the 
discrete detection of water, i.e., it only shows if there is water or air on each of the detection points [174]. 
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In order to tackle the limitations of the previously proposed distributed and quasi-distributed techniques 
for optical fiber sensors, this Section presents a multiplexing technique for intensity variation-based sensors. 
The technique is based on the side-coupling of the light source in a POF sensors with lateral section similar to 
the one presented in [174]. However, in this case, a control system acquires the signal of each photodetector 
when each LED is active, which results in a matrix with P×D vectors, where D is the number of LEDs and P 
the number of photodetectors. In this way, it is possible to decouple the effects of different parameters in each 
lateral section of the fiber. The sensor is experimentally validated for 3 degree of freedom (DOF) applications 
in the simultaneous measurement of temperature, force and angle. The experimental validation also includes 
two different scenarios: the response of three sensors for the same parameter and with similar sensitivity; and 
different sensors for different parameters (temperature, force and angle). Since the lack of multiplexing 
capabilities is regarded as an important issue in intensity variation-based sensors, the technique proposed in 
this Section enables the advancement of both quasi-distributed sensor techniques and intensity variation 
sensors. Furthermore, comparing with the conventional technologies for distributed (or quasi-distributed) 
sensing architectures such as OFDR, backscatter reflectometry, microwave photonics, FBG, the proposed 
multiplexing technique presents much lower cost and simplicity on the signal processing.  In addition, it 
presents potentially higher spatial resolution than OFDR and OTDR techniques, since the resolution in the 
proposed technique is limited to the physical distance between the fiber’s lateral sections. 
4.4.1. Operation Principle and Experimental Setup 
The schematic representation of the proposed technique is presented in Figure 4-11. Two photodetectors 
are positioned on each end facet of the fiber. In addition, each lateral section on the fiber presented in Figure 
4-11 is one sensor, where each sensor has a side-coupled LED. A microcontroller is responsible for the 
activation of the LED array, which are activated with a predefined sequence and frequency in a way that each 
LED is activated at a time, i.e., there is not the simultaneous activation of two or more light sources. 
Furthermore, a microcontroller is also responsible for the signal acquisition of both photodetectors when each 
LED is activated. Thus, a matrix is obtained in which each column represents the POF power acquired by one 
photodetector when a predefined LED is activated. This matrix is presented in Figure 4-11, where the number 
of columns is 2n (two photodetectors with n LEDs) and the number of lines is the number of signal acquisitions. 
By analyzing and comparing each vector of the matrix, it is possible to obtain the response of n sensors without 
the influence of light source deviations. 
 
Figure 4-11 Schematic representation of the proposed multiplexing technique for intensity variation-based sensors. 
One limitation of the technique is the maximum number of sensors that can be multiplexed. Since there is 
a power attenuation at each sensor’s lateral section, if the fiber presents a high number of sensors, the output 
power may be too low to be detected. In addition, the sensors sensitivities also lead to a power reduction, which 
need to be considered in the design of the sensor arrays. However, the initial power attenuation due to lateral 
section and sensor sensitivity depends on the lateral section parameters (length and depth) of each optical fiber 
sensor [45], [175]. In order to verify the maximum number of sensors that can be multiplexed, an analytical 
approach based on the model presented in [176] is performed. Since the sensors work with the power 
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attenuation principle, the sensors sensitivities and dynamic range also are considered in the POF output power 
estimation. Taking these parameters into account, the power attenuation with respect to all aforementioned 














.        (4.7) 
Referring to Eq. 4.7, N is the number of sensors, L is the fiber’s length, αp is the fiber attenuation coefficient, 
sensi and ri are the sensitivity and dynamic range of each sensor, respectively. After the investigation of the 
number of sensors and their sensitivities, the next analysis is made to estimate each sensor response of the 
array. In this case, we consider a fiber with 3 sensors in two scenarios: (i) sensors with the same sensitivity 
and dynamic range; (ii) sensors with different sensitivities and dynamic ranges. Since the fiber attenuation 
coefficient and the loss due to the lateral section only lead to an offset in the sensor response, only the last term 




















,         (4.8) 
where i is the sensor (i=1, 2, 3 in this case) and j is the photodetector (j=1, 2). Equation 4.8 shows that the 
response of each sensor is comprised of the sum of the other sensors, i.e., the power of Sensor 3 is the sum of 
the responses of Sensors 1, 2 and 3, whereas Sensor 2 is the sum of 1 and 2. Therefore, in order to obtain the 
response of a single sensor without the influence of other sensors, it is necessary to compensate the response 



























 .         (4.9) 
In this way, Eq. 4.9 shows the necessity of characterizing each sensor individually, prior to their 
applications for simultaneous measurements. 
In order to validate the proposed technique for intensity variation-based sensors multiplexing, the same 
two scenarios are applied. Thus, three lateral sections are made in a multimode POF made of PMMA (HFBR-
EUS100Z, Broadcom Limited). In addition, a flexible lamp belt with an array of 3 LEDs each is fixed at each 
lateral section for the light coupling. The LEDs of the flexible lamp belt emit white light and have about 3 mm 
diameter each. The POF power is acquired by two phototransistors IF-D92 (Industrial Fiber Optics, USA). The 
activation of the LED array as well as the control of the signal acquisition are made with a FRDM-KL25Z 
board (Freescale, Austin, TX, USA), where both the LED activation and signal acquisition frequencies are 
10 Hz. 
The first set of tests is made with the experimental setup presented in Figure 4-12(a), where there are three 
rotation units with a goniometer embedded. First, each sensor is individually characterized with relation to the 
other sensors at 0°, where the maximum range of the sensor characterization is between 0° to 80° in 20° steps. 
Then, tests with simultaneous movements of all three sensors are performed to show the capability of the 
system of tracking the response of each sensor. Thereafter, we employ another experimental setup to evaluate 
the sensor performance for multi-parameter sensing. Thus, the fiber with three lateral sections is positioned on 
the setup of Figure 4-12(b), where there is the angle variation through a DC motor with a closed loop position 
control. The angular range for the angle characterization is 0 to 90° with constant angular velocity of 0.1 rad/s. 
Furthermore, there is a setup for transverse force assessment, in which different calibrated weights are applied 
on the fiber lateral section, resulting in transverse forces of 0 to 50 N.  
Finally, the last lateral section of the fiber is positioned in a thermoelectric Peltier plate (TEC1-12706, 
Hebei IT) with a temperature controller (TED 200C, Thorlabs). The temperature in this characterization was 
varied from 25°C to 55°C in 10°C steps. After the characterization, the multi-parameter sensing capabilities 
of the proposed multiplexing technique is evaluated through the simultaneous variation of all three parameters 
within the range each sensor was characterized. The fiber used in the tests has about 50 cm length. Moreover, 
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the distances between the photodetector 1 and the Sensors 1, 2 and 3 (LP1→S1, LP1→S2, and LP1→S3) are 
1.6 cm, 7.6 cm and 12.7 cm, respectively. It is worth to mention that all the performed tests were made at 





Figure 4-12 Experimental setup for (a) multiplexing technique validation with the array of 3 curvature sensors. (b) 
Validation for a multi-parameter application. 
4.4.2. Results and Discussion 
4.4.2.1. Angle measurement with 3-DOF 
As the first step in the multiplexing technique application, all three sensors are individually characterized, 
i.e., when one sensor is under curvature the others are at straight position (without curvature). Figure 4-13(a) 
shows the signal acquired by photodetectors 1 and 2 during a test, where each sensor is individually activated. 
From the results of Figure 4-13(a) it is possible to observe the interesting feature of the proposed technique, 
when one sensor is active, the highest response in the photodetector is the one acquired when the corresponding 
sensor is illuminated by its respective LED, i.e., when Sensor 1 is active, the highest signal variation occurs in 
vectors RLED1, P1 and RLED1, P2. Similarly, the highest variation for the Sensor 2 was acquired in 
photodetector 1 (RLED2, P1), which is the one closest to the Sensor 2, where similar feature also happens with 
Sensor 3. In addition, the characterization of each sensor in different intervals is depicted in Figure 4-13(b), 
where a linear regression was made for each sensor to obtain the sensitivities and initial offset in the curves. 
Furthermore, Sensors 1, 2 and 3 are characterized with the angular ranges of 60°, 40° and 80°, respectively 
due to experimental limitations of the setup presented in Figure 4-12(a). In this case, the movement of one 
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sensor is limited, especially for Sensor 2, when the other sensors are kept at the straight position. Moreover, 
Sensor 3 is the one with more freedom of movement when the other sensors are positioned without bending. 
 
(a)                (b) 
Figure 4-13 POF sensor array characterization for 3-DOF angle measurement (a) signal acquired by the photodetectors 
when each LED is active and (b) linear regression for the angle characterization with each sensor. 
Regarding Figure 4-13(a), it is worth to mention that, besides photodetector 1 for Sensor 1, the sensors 
responses are acquired by both photodetectors. The reason for the low signal variation in photodetector 1 is 
related to the distance between Sensor 1 and photodetector 1; and the coupling between the lateral section of 
this sensor and its respective LED. Nevertheless, Figure 4-13(b) shows almost the same sensitivity (3.41×10-4 
± 4.24×10-5 (°)-1) for all three sensors. 
The next step is the application of the sensor array in angle measurement with 3-DOF. In this case, the 
sensors are placed on the desired positions and the signals are acquired by the photodetectors. The test is made 
by placing the sensors in 10 different positions as presented in Figure 4-14 (as the reference signals for Sensors 
1, 2 and 3) with the comparison between each sensor position estimation and the actual position obtained from 
the goniometer position. The results presented in Figure 4-14 show the capability of each sensor of tracking 
the angle of each rotation unit (see Figure 4-12(a)). Therefore, the sensor array with the proposed multiplexing 
technique is an interesting alternative to measure multi-DOF angles, which is a condition commonly observed 
in lower limb exoskeletons, where there are 3-DOFs, one for the hip joint and the others for knee and ankle 
joints [18]. Regarding the estimated errors, the RMSE between Sensor 1 and the reference is 2.76°, whereas 
the RMSE for sensors 2 and 3 are 3.22° and 2.44°, respectively. Comparing to the characterization condition, 
where the mean of each sensor RMSE is 2.01° for the three sensors, the difference between the RMSE in the 
simultaneous measurement condition is similar to the one when each sensor is activated without the influence 
of the others. These results also show the feasibility of the proposed technique. The obtained errors may be 
related to the low signal amplitude obtained from photodiode 1 when Sensor 1 is active and due to influence 
of modal distribution in the fiber under curvature in different points. Nevertheless, these effects do not lead to 
high errors in the measurement, since the mean RMSE difference between the 1-DOF (condition used in the 
characterization) and 3-DOF is about 0.80°.  
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Figure 4-14 Sensor response in the 3-DOF validation test. 
4.4.2.2. Multi-parameter application with 3 POF sensors 
In order to validate the sensor array for multi-parameter applications, the fiber is positioned in the 
experimental setup of Figure 4-12(b) and the analysis is made in two steps: sensor characterization and 
simultaneous measurement of angle, transverse force and temperature. Thus, the first set of tests is performed 
with the variation of a single parameter, while the others are kept constant. The characterization of each sensor 
is presented in Figure 4-15, where the sensitivities for angle, force and temperature are, respectively, 
2.08×10−4 (°)-1, 6.41×10-5 N-1 and −1.745×10−5 (°C)-1.  
 
Figure 4-15 Experimental characterization of each sensor for multi-parameter application. 
After characterizing the three sensors, simultaneous variations of angle, transverse force and temperature 
are performed, where the signals acquired for Sensors 1, 2 and 3 with the photodetector 1 are presented in 
Figure 4-16(a). As also observed in the response of Figure 4-13(a), the signal acquired when each LED is 
illuminating its respective sensor has the response of the active sensor. Thus, the response of Sensor 1 
(employed for angle measurements) presents similar pattern that the one applied by the DC motor, whereas 
Sensor 2 shows the signal variation when the transverse force is applied. Similarly, the temperature sensor 
(Sensor 3) shows the signal variation according to the applied temperature variation. However, since its 
sensitivity is lower than the other sensors, the power variation of the Sensor 3 is lower than the one observed 
to the other sensors. 
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Figure 4-16(b) shows the estimated angle, force and temperature with Sensors 1, 2 and 3, respectively. The 
responses are obtained with the linear regression coefficients of the sensors characterization (from Figure 4-15) 
for the estimation of each parameter. The presented results show that the proposed multiplexing technique for 
the POF sensor array is capable of tracking simultaneous variation of different parameters (angle, force and 
temperature) in sensors with different sensitivities.  
Regarding the errors in the multi-parameter application, the RMSE for the angle measurement is about 
2.87°, which results in a relative error of 3.18% when the whole angular range is considered (about 100°). In 
the force measurement, the RMSE is 3.47 N with a relative error of 5.78% if the whole force range is 
considered, which is relatively higher than the one for the angle measurement. The reason for this behavior is 
the nonlinearities of the transverse force measurement, which presents the lowest linearity among the analyzed 
parameters. Such nonlinearities can be related to the nonlinear behavior of the stress-strain curves in polymers. 
Thus, the stress transversely applied in the fiber can result in a nonlinear variation of the fiber curvature. In 
addition, these nonlinearities lead to higher errors when a linear regression is made to obtain the sensor 
response.  
Regarding the errors in the temperature measurement, a RMSE of 0.75°C was obtained in the temperature 
range of 55°C to about 25°C, which results in a relative error of 2.50%. This relative error is the lowest among 
the tested parameters. Such lower error can be related to the fact that the fiber fixed in both ends of the Peltier 
plate, keeping the fiber always in the straight position and without movement, which reduces the influence of 
modal distribution in the sensor response. In addition, temperature characterization has shown the highest 
linearity among the ones tested. It also contributes to lower errors in the linear regression of the sensor response 
for temperature estimation. 
 
 
(a)               (b) 
Figure 4-16 (a) Responses of the three sensors acquired by the photodetector 1. (b) Angle, force and temperature 
measurements using the proposed multiplexing technique acquired for 210 seconds. 
In summary, the results presented in this section validate the multiplexing technique in different 
experimental conditions. In this way, a quasi-distributed sensor system is obtained, where the sensor array 
presents much lower cost than quasi-distributed sensor arrays based on FBGs [135]. Moreover, the sensor 
spatial resolution is only limited by the LEDs irradiance, since each lateral section needs to be illuminated by 
only one LED. For this reason, one can assume that the spatial resolution, i.e., the minimum distance between 
two sensors can be similar to the ones of sensor arrays based on FBGs. 
4.5. Final Remarks 
Aiming at the advantageous features of low cost, ease of implementation and simplicity on the data analysis 
and acquisition, in this Chapter, the development and applications of intensity variation-based sensors were 
presented. The development and performance enhancement of the presented different POF sensors were 
possible after using the knowledge of the PMMA POF material features acquired in Section 3.3 in conjunction 
with the operation principle of the intensity variation-based sensors discussed (and modelled in Appendix A). 
With this background, novel POF-based sensors for microclimate assessment using the stress-optic effect as 
well as a torque sensor can be proposed and applied in wearable devices. In addition, using the concepts of 
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polymer viscoelasticity, different compensation techniques for the POF sensors nonlinearities, hysteresis and 
creep response were proposed and validated. 
The sensors proposed in this Chapter enable a plethora of applications in healthcare devices as shown in 
Chapter 6, which cover from instrumented insoles through SW’s instrumentation with many applications in 
robotic exoskeletons, orthosis and even in FES systems (see Appendix E for FES application). Therefore, the 
sensor systems proposed in this Chapter can be used in healthcare and can provide sensors feedback in cloud 
health services. Additionally, it also opens the possibility of novel control strategies in robotic devices for gait 
assistance. As the advances in polymer processing and characterization occur combined with increasing 
demands on instrumentation systems, even more applications for those sensors will be proposed in near future.  
Thus, the results presented in this Chapter can pave the way for optical fiber sensors applications in healthcare 
devices of different types and purposes. 
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Chapter 5. Fiber Bragg Gratings-based Sensors 
5.1. Introduction 
 Among different techniques for optical fiber sensing, FBGs attract significant attention due to their 
multiplexing capabilities, which make it possible to inscribe long arrays with increasing number of sensors in 
the same fiber [69]. FBGs are periodic modulations of the fiber core’s refractive index and different gratings 
can be inscribed in the same fiber by just modifying the period of this refractive index modulation. In this way, 
each grating acting as a wavelength selective filter, reflecting light at a discrete wavelength that is directly 
proportional to the inscribed period. Changes to the period as a result of external perturbations are recovered 
as wavelength-encoded data. This offers a huge advantage as the data is an absolute quantity and may be 
recovered even if the signal is temporarily interrupted. For these reasons, this Chapter presents the development 
of FBG-based sensors for assistive devices. The FBGs were inscribed in commercially available CYTOP fibers 
using the plane-by-plane direct write inscription method with an fs laser. The sensor development is performed 
using the background acquired in Chapter 3, where the CYTOP fibers were characterized, enabling the 
development of the compensation techniques proposed in this Chapter.  
5.2. FBG Inscription Using fs Laser 
The FBGs used in this Chapter were inscribed in Cyprus University of Technology (CUT) using a fs laser 
operating at 517 nm with 220 fs pulse duration (HighQ laser femtoREGEN) in a gradient index multimode 
CYTOP fiber (Chromis Fiberoptics Inc) with a core diameter of 120 µm, a cladding thickness of 20 µm and a 
polycarbonate overcladding resulting in a total diameter of 490 µm (see Figure 5-1). Regarding the inscription 
parameters, the repetition rate of 5 kHz and a pulse energy of 80 nJ were used. As shown in Figure 5-1, the 
laser beam is focused in a 5 μm extent of the fiber core using a ×50 objective lens carefully positioned in order 
to guarantee the refractive index modifications in the center of the fiber core. In this way, a single peak 
spectrum obtained in a multimode POF due to the optimization of the inscription parameters to control the 
coupling between the grating and the core modes by inscribing the grating only at a part of the core. In addition, 
the CYTOP fiber is positioned on an air-bearing translation stage that provides two-dimensional motion with 
a nanometer precision for the direct write, plane-by-plane inscription. Figure 5-1 inset shows the magnified 
view of the POF with the inscribed FBGs and, for comparison purposes, a magnified view of the POF without 
the FBGs is also shown. 
 
Figure 5-1 Schematic representation of the experimental setup used in the gratings inscription. The insets show a 
magnified view of the CYTOP with and without FBG. 
The FBG interrogators used to inscribe the grating spectra require a connection with a single mode fiber 
(SMF) to guarantee a stable measurement. This means that we must connect the POF with a silica fiber pigtail 
and avoid relative movement between fibers to minimize measurement errors. For this reason, the 
connectorization is made in two steps, first by means of UV gluing (curing) the POFBG with a multimode 
silica fiber (MMF). Secondly, we fuse splice the silica SMF and the MMF; this ensures a stable connection 
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between the POFBG and the interrogation system (see Figure 5-2). In addition, for the applications in 
healthcare devices (see Chapter 6) a 3D-printed structure is positioned on the UV joint in order to increase its 
robustness and isolate it from mechanical disturbances. 
 
Figure 5-2 Schematic representation of the POF connectorization. 
5.3. Influence of Thermal Treatments and Compensation Techniques in FBGs 
Responses 
In order to investigate the effects of annealing in POFBGs in CYTOPs, this section presents strain, 
transverse force and temperature behavior of CYTOP POFBGs before and after annealing for two different 
conditions, namely annealing at low humidity and a repetition of the same thermal treatment, but under water. 
In addition, we present a dynamic compensation technique for further improvement of the sensor performance, 
especially with respect to the reduction of hysteresis. 
5.3.1. Experimental Setup 
The annealing is a thermal treatment during which the fiber is kept in temperatures close to its glass 
transition temperature [177]. Such treatment in POFBG sensors can reduce their hysteresis during strain and 
temperature cycling [178] and increase their sensitivity [179]. In addition, the sensor performance can be 
improved if the annealing is made under high humidity conditions [60], [180]. For this reason, annealing was 
made with the sensor under water, for an annealing temperature of 90°C and duration of 24 hours. 
The test employs two POFBG samples, where one of them is subjected to annealing at low humidity 
conditions (RH of about 15%) and the other to annealing under hot water (RH of 100%). The annealing 
temperature is 90 °C, which is below the CYTOP Tg (about 108 °C) [181] and the annealing time is 24 h for 
both low and high humidity cases. The samples are positioned on the setups presented in Figure 5-3(a), (b) and 
(c) for temperature, strain and transverse force tests, respectively, where there is a comparison of POFs 
sensitivity, linearity and hysteresis before and after the annealing. In addition, the grating spectra were recorded 
using an FBG interrogator (sm125, Micron Optics), 
In the temperature tests, the climate chamber 1/400 ND (Ethik Technology, Brazil) provides the 
temperature variation from 30 °C to 60 °C for both increasing and decreasing temperature cycles, where the 
upper limit of temperature test is below annealing temperature employed to eliminate the effect of additional 
changes to polymer properties during the temperature test. In addition, strain cycles are made with a translation 
stage having micrometer accuracy, (Figure 5-3(b)) for a strain range of ~ 1000 µε (~ 1% strain). Regarding 
transverse force characterization step, the POFBG is positioned between two plates, as shown in Figure 5-3(c) 
inset. Then, different calibrated weights are placed on the support that applies a force to the top plate, which 








Figure 5-3 Experimental setup employed for (a) temperature characterization, (b) strain characterization and (c) 
transverse force characterization, the inset shows the assembly of the POFBG between the plates. 
The hysteresis compensation technique applied to the sensor requires the characterization of polymer 
relaxation as further discussed in [182]. In this case, the polymer relaxation is characterized through 
wavelength shift monitoring at a predefined strain on the fiber and the loading and unloading cases are 
compared, in which two characterization equations are obtained, one for loading and the other for unloading 
case. Since there is the same strain rate for all cycles, the compensation technique proposed here is the 
particular case for which the strain rate is constant. 
As a constant load is applied in the fiber, there is relaxation in the polymer chains that can be described as 
a sum of exponentials, where such sum is known as Prony series [59]. Thus, Prony series is an expression for 
the polymer relaxation function, which gives a better approach of the polymer response than just applying the 
Maxwell’s model with a single exponential [182]. This analysis is different from the one using Arrhenius fit 
[183], since it is made with respect to the time, instead of the temperature, as made with the Arrhenius fit. The 
coefficients of the Prony series are obtained in the polymer relaxation results, where general formulation of 
the Prony series is as presented in Chapter 4. Prony series considers the sensor response as a sum of 
exponentials and the hysteresis compensation technique consists of time-dependent terms separation in the 
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polymer relaxation function. If the POF presents a relaxation function of order 1, the compensated wavelength 

















 .           (5.1) 
However, for a constant strain rate, the time is the ratio between the strain variation (in µε) and strain rate 
(in µε/s), which physically means that there is a direct relation between the applied strain and the polymer 
relaxation as demonstrated in [78], [184]. In addition, a load dependency was also demonstrated in silica optical 
fibers operating at high temperatures with regenerated gratings [183]. Thus, it is possible to linearize Eq. 5.1 
with respect to the strain rate, since the latter is constant in the performed analysis. Hence, the compensated 
variation of wavelength shift with a certain parameter can be obtained from a linear equation for loading case; 
and another one for unloading that considers not only the parameter variation, but also the polymer relaxation 
variation on loading and unloading cases. Such compensation results in a second order polynomial for the 
loading cycles. 
5.3.2. Results and Discussion 
5.3.2.1. Thermal Treatments 
The POF annealing causes a blue shift of the Bragg wavelength proportional to the annealing conditions, 
namely temperature, time and humidity. Figure 5-4(a) presents the POFBG spectrum before and after the 
annealing at low humidity, whilst Figure 5-4(b) shows the spectrum before and after the annealing under water.  
Although the annealing leads to a blue shift in both cases, the wavelength variation was higher in the case 
of the annealing under water. The reason for this behavior is the polymer swelling (especially in the 
polycarbonate coating) and the reaction between the water and the polymer chains of the  fiber leads to a 
refractive index reduction in the fiber core [48]. The blue shift for the low humidity case was about 3.5 nm.  
For annealing under hot water, the permanent shift in the Bragg wavelength was 10.8 nm, which 
corresponds to a fiber shrinkage of ~0.8%. Through considerations of conservation of mass, we note that as 
the fiber shrinks it also becomes marginally thicker. In addition, the annealing under water also resulted in an 
increase of the grating reflectivity, whereas it presented a small reduction for the annealing at low humidity. 
Nevertheless, CYTOP fibers show a lower blue-shift after the annealing process compared with the results 
reported for mPOFs [179], [180]. The reason for this behavior is related to the fabrication process of CYTOP 
fibers that is based on heated extrusion of polymer, and which may introduce lower internal stress in the fiber 
than the drill-and-draw method for mPOFs fabrication [88]. With lower internal stress, the annealing results 
in lower fiber shrinkage that leads to a lower blue shift in the Bragg wavelength, for both low and high humidity 
conditions. The differences between the spectra presented in Figure 5-4(a) and (b) are also related to 
differences on the fiber connectorization with the UV-curing glue, which is a manually made process and can 
lead to some inaccuracies or misalignments and lower repeatability than the conventional fusion splice in silica 
fibers. It is interesting to note that whereas the core diameter is 120μm, the number of core modes that couple 
to the grating are limited, and we observe just a few strong reflections. This is an advantage of the inscription 
method. 
To evaluate the influence of each thermal treatment on sensors’ responses, temperature characterization 
tests are made for each sensor presented in Figure 5-4. Figure 5-5 shows the temperature results for the non-
annealed and annealed POFs. The results are presented with respect to wavelength shift in order to make an 
intuitive comparison between each sample. It is worth mentioning that the hysteresis standard deviation of 
non-annealed sample is higher than the annealed ones, since the non-annealed results refer to two POFBGs, 





(a)              (b) 
Figure 5-4  Reflection spectra of the POFBGs before and after the annealing (a) at low humidity (b) under hot water. 
The sensors that have undergone annealing at low humidity and those without annealing presented similar 
sensitivities, where the sensitivity of annealed sensor is slightly higher (20.95 pm/°C) than that of the non-
annealed (19.75 pm/°C). Also, annealing at low humidity provided a hysteresis reduction of greater than 20% 
when compared with the non-annealed sensor.  
On the other hand, the annealing under hot water resulted in a sensor with lower temperature sensitivity 
(5.05 pm/°C). However, it also presents the lowest hysteresis among the samples tested (2.28%), which is more 
than a factor of two lower in comparison with the non-annealed sensor (5.85%). Table 5-1 summarizes the 
performance parameters obtained for each sensor on the temperature test. 
The results presented in Table 5-1 show a tradeoff between all the tested samples, where non-annealed 
POFBG presented the highest linearity, annealed at low humidity showed the best performance with respect 
to the sensitivity and the lowest hysteresis was found in the sample annealed under water. Since the linearity 
of each sample was obtained only as the temperature increases, it does not present a direct relation with sensor 
hysteresis. For this reason, the non-annealed sample showed higher linearity with the temperature increase, 
but also presented the highest difference between temperature increase and decrease curves. 
 
Figure 5-5  Increasing and decreasing temperature response of POFBGs with and without different thermal treatments. 




Table 5-1 POF performance parameters in temperature tests. 
Sensor Sensitivity Hysteresis Linearity 
Non-annealed 19.75 pm/°C  5.85% 0.996 
Low humidity 20.95 pm/°C  4.61% 0.983 
Under water 4.50 pm/°C 2.28% 0.986 
The comparison between thermal treatments is now performed in the strain response of each sensor. In this 
case, each sensor is subjected to a maximum strain of 1000 µε in 250 µε steps in loading and unloading cycles. 
Figure 5-6 presents the results of sensor strain cycles. The results show that there is a hysteresis reduction in 
the response of annealed fibers, which is indicated by the difference between the wavelength shift in increasing 
and decreasing cycles, shown in Figure 5-5. In addition, the annealing under water resulted in a sensor with 
higher sensitivity compared with sensors that were not annealed or annealed at low humidity. Hence, in this 
case, annealing under water results in a sensor with both lower hysteresis and higher sensitivity. On the other 
hand, the annealing at low humidity leads to the hysteresis reduction at cost of a small reduction of sensor 
sensitivity. The comparison of each sensor is summarized in Table 5-2 for the strain performance, where the 
sensor annealed under water also presented the highest linearity among the ones tested. 
Transverse force tests are made with the experimental setup presented in Figure 5-3(c), for which Figure 
5-7 shows the sensor response for loading and unloading cycles in the range of 0 to 15 N, in steps of 5 N. Once 
again, annealing under water leads to the highest reduction of the hysteresis, whereas annealing at low humidity 
also results in a lower hysteresis when compared with non-annealed POF. Additionally, annealing under water 
leads to a sensitivity of -341.7 pm/N, which is 48.2% higher compared to the non-annealed fiber (-188.3 pm/N) 
and 35.5% increase comparing with the sample annealed at low humidity (-225.0 pm/N). This higher 
sensitivity is related to the reduction of fiber’s Young’s modulus caused by the annealing, which is further 
reduced when annealing is made under high humidity conditions (100% in this case). The sensor annealed 
under water also presented the highest linearity among the tested samples. Table 5-3 presents the performance 
parameters of each sensor under transverse force cycles for comparison purposes. 
Table 5-2 POF performance parameters in strain cycles. 
Sensor Sensitivity Hysteresis Linearity 
Non-annealed 1.13 pm/με  7.21% 0.980 
Low humidity 0.95 pm/με  4.84% 0.997 
Under water 1.69 pm/με 1.43% 0.998 
 
 




Table 5-3 POF performance parameters in transverse force cycles. 
Sensor Sensitivity Hysteresis Linearity 
Non-annealed -188.3 pm/N  4.62% 0.934 
Low humidity -225.0 pm/N 4.84% 0.995 
Under water -341.7 pm/N 3.12% 0.999 
 
Figure 5-7 Response of POFBGs with and without different thermal treatments for sequential transverse force cycles. 
5.3.2.2. Dynamic Compensation Technique 
The compensation technique discussed in Section 5.3.1 is applied with respect to temperature, strain and 
force. In addition, a comparison is made for sensors with and without the compensation technique. With the 
aim of obtaining the sensor with the best performance parameters (among the ones tested), the sample chosen 
in each case is the one that presents the highest sensitivity, since the technique can improve both linearity and 
hysteresis, but has no influence on sensor sensitivity [182]. 
For this reason, the chosen sample for temperature measurement is the one annealed at low humidity, 
whilst the POFBG annealed under water is the chosen one for strain and transverse force measurement. Thus, 
the compensation is applied for two sets of samples, the ones after annealing at low humidity and under water. 
To obtain compensation of the polymer viscoelasticity, we apply three loading and unloading cycles to the 
fibers, such as the ones presented in previous section, and correlate the responses for loading and unloading, 
where the same range was used for loading/unloading cycles of each measurement type. Such characterization 
results in two equations for each sensor, one for loading and the other for unloading cycles. Equations 5.2-5.7 
present the compensation for loading and unloading cycles for temperature, strain and transverse force sensing, 
respectively.  
61.0021.0,  rTl T ,             (5.2) 
60.1027.0,  rTu T ,          (5.3) 
077.00017.0,   l ,          (5.4) 
66.10017.0,   u ,          (5.5) 
018.0342.0,  FFl ,           (5.6) 
12.5325.0,  FFu ,               (5.7) 
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where Tr, ε and F refer to temperature, strain and force, respectively. In addition, the subscript l is loading, 
whereas u is for unloading cycles. Regarding the temperature tests, Eq. 5.2 and Eq. 5.3 are applied for 
increasing and decreasing temperature, respectively. The obtained compensated results are presented in Figure 
5-8.  
The employed compensation technique leads to a 50% reduction of the hysteresis, which is now ~ 2%. 
Therefore, the combination of thermal treatments and signal processing techniques lead to a sensor with similar 
hysteresis when compared with the sensor annealed under water, but without adversely affecting the 
sensitivity, as results from the process of annealing under water. In addition, there was also a slight increase 




Figure 5-8  Temperature compensated response for the sample annealed at low humidity. 
The same methodology is applied on sensor annealed under water for strain and transverse force 
measurements. Figure 5-9 presents the wavelength shift with respect to strain after the compensation technique 
application. Once again, the technique was able to reduce the sensor hysteresis. However, the reduction is not 
as high as in temperature response, since the hysteresis of the sample annealed under water was already low 
(1.43%). For this reason, for strain sensing applications, the compensation technique will not lead to a major 
improvement of the sensor response when compared with annealing under water samples. Nevertheless, the 
compensation technique leads to improved performance when compared with the non-annealed, and annealed 
at low humidity, sensors. 
 
77 
Figure 5-9  Strain compensated response for the sample annealed under water. 
Thereafter, same compensation is applied on the annealed under water sensor for transverse force sensing. 
The obtained results are presented in Figure 5-10, where it can be seen a considerable reduction of the sensor 
hysteresis. The hysteresis calculated for the compensated response is about 0.74%. Hence, the combination of 
thermal treatments in the fiber and compensation techniques result in a sensor with high sensitivity, linearity 
and negligible hysteresis for force sensing applications. 
 
Figure 5-10  Transverse force compensated response for the sample annealed under water. 
 
5.4. Compensation Method for Temperature cross-sensitivity in Transverse 
Force Sensors 
Although it offers many advantageous features when compared to silica fibers, the POF material has the 
disadvantage of being viscoelastic [58], which results in a non-uniform response to stress or strain, and is 
characterized by creep and relaxation [59]. The role of the viscoelasticity of PMMA gratings-based sensors in 
strain tests was characterized in [78] and further analyzed in [184] for long term tests. In addition, viscoelastic 
materials have a variation of their Young’s modulus in response to different parameters such as strain cycle 
frequency, temperature and RH as depicted in Chapter 3. Such characterization was made for PMMA step-
index fibers in Section 3.3 and for mPOFs with different materials, namely PMMA, TOPAS grade 5013, 
Zeonex 480R and PC [157]. Given that a typical behavior of polymers (that was also observed in all these 
tested fibers) is a reduction of the Young’s modulus with increasing temperature, a POFBG will show a 
variation in its sensitivity to transverse force or pressure with different temperatures. In order to compensate 
this effect, it is here presented the analysis of the transverse force behavior with different temperatures in 
POFBGs inscribed in CYTOP fibers.  
5.4.1. Experimental Setup and Operation Principle 
The POFBG monitoring was performed using the FBG interrogator sm125 (Micron Optics, USA). 
Furthermore, following the thermal treatment and connectorization, the POFBG was positioned in the 
experimental setup shown in Figure 5-11. The transverse force was applied to the POFBG through calibrated 
weights for a range of 0 to 6 N with steps of 1 N and the temperature was varied between 30°C to 60°C (10°C 
steps) inside the climatic chamber 1/400 ND (Ethik Technology, Brazil). The wavelength shift was monitored 
5 minutes following the weight placement to ensure both stress and temperature stabilization. Although the 
CYTOP has a yield stress of about 40 MPa [185], which enables its application with transverse forces higher 
than 100 N, we limit the transverse force to 6 N to reduce the influence of the polarization and birefringence 
in the POFBG response, since the polarization dependent loss increases linearly with the increase of the 
transverse force [186].  
78 
 
Figure 5-11  Experimental setup employed for transverse force and temperature variations. 
The wavelength shift (
B ) of a POFBG for a constant humidity was already defined in Eq. 2.6. If the 
fiber is under stress, a resultant strain leads to the wavelength shift in POFBGs. The relation between stress 
and strain is described by Hooke’s law in the elastic limit (Eq. 5.9). 
 E ,            (5.9) 
where E is the material Young’s modulus and σ is the applied stress. However, for polymers, the Young’s 
modulus has a temperature dependency, i.e., when the temperature increases, the Young’s modulus decreases 
[59], and this behavior is described for CYTOP fiber in Section 3.4. By substituting Eq. 5.9 in Eq. 2.6, and 



















.        (5.10) 
Therefore, in stress tests with different temperatures, the temperature variation causes an offset in the 
wavelength shift curve as a function of stress and also causes a variation of the sensor stress sensitivity. As 
shown in Eq. 5.10, the Young’s modulus reduction causes an increase in the stress sensitivity. Thus, a higher 
stress sensitivity is anticipated as the temperature increases. However, Eq. 5.10 shows the wavelength shift 
with temperature and axial stress, whereas the tests presented here are performed with respect to the transverse 
force. If a transverse force is applied, the fiber stress and strain depend on the material shear modulus. 
Nevertheless, this material property has a direct relation with the Young’s modulus of the material and the 







TG ,           (5.11) 
where G(T) is the material shear modulus and υ is the Poisson’s ratio. It can be seen from Eq. 5.11 that the 
temperature variation of the shear modulus is similar to that of the Young’s modulus [151]. 
Moreover, Eq. 5.10 can be rewritten for the transverse force case considering the direct relation between 




















,        (5.12) 
where ΔF is the transverse force variation and β is a constant that summarizes the relation between stress and 
transverse load, in addition to the relation between shear and Young’s moduli. 
In order to compensate the temperature effects on the transverse force measurement, the constants 
presented in Eq. 5.12 need to be characterized. Considering only the right-hand side of Eq. 5.12, the offset in 
the sensor response caused by the temperature can be obtained with a temperature characterization of the 
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POFBG without the influence of stress or strain. In this case, the right-hand side of the summation may be 
rewritten as, 
BTTs  )(  ,          (5.13) 
where ST is the temperature sensitivity. Similarly, transverse force characterizations at constant temperature 
conditions are performed to obtain the constants presented in the left-hand side of the summation (Eq. 5.12). 
But, there are two unknown variables that need to be defined to estimate the temperature effects in the force 
sensitivity, Pe and β, since the photoelastic constant of CYTOP is not precisely defined, as yet [188]. For this 
reason, it is necessary to perform two characterization tests for the force sensitivity with two different 







 .           (5.14) 
With reference to Eq. 5.14, SF,1 is the force sensitivity at one temperature condition (T1), SF,2 is the force 
sensitivity at the second temperature (T2). In addition, E(T1) and E(T2) are the Young’s moduli at T1 and T2, 
respectively. Therefore, it is also necessary to characterize the Young’s modulus variation to obtain β, which 
is accomplished through the DMA in CYTOP fibers shown in Section 3.4.  
With the theoretical background presented, an equation for temperature compensated transverse force 
variation, ΔF, can be estimated through the combination of Eqs. 5.12 – 5.14, and considering the temperature 











.          (5.15) 
5.4.2. Results and Discussion 
5.4.2.1. Transverse Force and Temperature Characterizations 
The first step for the temperature compensation technique is the characterization of the sensor in respect 
to the temperature and transverse force. For this reason, the POFBG is positioned in the setup shown in Figure 
5-11 and transverse forces from 0 to 6 N are applied in steps of 1 N at constant temperatures of 30°C and 40°C. 
Figure 5-12 shows the wavelength shift of the POFBG at each transverse force and temperature conditions, 
where the sensor has sensitivities of -158.33 pm/N and −187.50 pm/N for 30°C and 40°C, respectively. 
 
Figure 5-12  POFBG wavelength shift as a function of the transverse force at 30°C and 40°C. 
The temperature characterization, shown in Figure 5-13, is performed without transverse force acting on 
the fiber, for the temperatures of 30°C, 40°C, 50°C and 60°C. In this test, the POFBG temperature sensitivity 
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of 5.83 pm/°C is obtained, where such low temperature sensitivity is related to the annealing process made 
with the fiber under water. The annealing leads to fiber shrinkage and relaxation of the polymer chains [118] 
that can result in a variation of the fiber thermal expansion coefficient, which can be directly related to this 
low temperature sensitivity. In addition, different of some POFs, such as PMMA, CYTOP fibers present a 
positive temperature sensitivity, i.e. the temperature increase causes a shift to longer wavelengths (see Figure 
5-13), which is a common behavior of this POF, as also reported in [44]. 
 
Figure 5-13  POFBG wavelength shift with respect to the temperature increase. 
The results presented in Figure 5-13 show the offset caused by the temperature in the sensor response, 
where the point at zero force will shift with the temperature in the rate shown in Figure 5-13. However, as 
previously discussed, there is also a sensitivity variation in the POFBG force response at different 
temperatures, which is related to the CYTOP Young’s modulus variation with temperature. Aiming to 
characterize this variation, the material characterization is performed using the DMA; results are presented in 
Figure 5-14, where it is possible to confirm the Young’s modulus reduction with the temperature increase. In 
addition, the Young’s modulus reduction increases with the temperature increase, over the analyzed 
temperature range. Therefore, the Young’s modulus reduction does not have a linear variation, and, for this 
reason, it is expected that the POFBG transverse force sensor also will not show a linear sensitivity response. 
 
Figure 5-14  CYTOP fiber Young’s modulus variation as a function of temperature. 
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Based on the polynomial regression (Figure 5-14), the Young’s modulus variation (in GPa) with respect 
to the temperature is given as: 
18.31030.11071.3)( 2
24   rr TTTE .      (5.16) 
In addition, according to the results illustrated in Figure 5-12-Figure 5-14 we can estimate the 
characterization parameters as ST=5.83 pm/°C, SF,1=-158.33 pm/N and β=0.27. Thus, the coefficients presented 
in Eq. 5.15 are characterized and the compensation technique can be applied and validated. 
5.4.2.2. Compensation Technique Validation 
In order to validate the proposed compensation technique, transversal force tests were undertaken at 4 
different temperatures (30°C, 40°C, 50°C and 60°C). Figure 5-15 shows the wavelength shift obtained at each 
test. The results are presented with respect to the wavelength variation for a clear representation of the 
sensitivity variation (obtained by the slope of each curve) as a function of the applied temperature. 
Nevertheless, the Bragg wavelength in each test follows the offset caused by temperature (see Figure 5-13). 
 
 
Figure 5-15  POFBG wavelength shift with respect to the transverse force for different temperature conditions. 
As expected from the previous results, and more clearly shown in Figure 5-15, the POFBG presents higher 
sensitivity to transverse force for higher temperatures. More specifically, the highest sensitivity recorded for 
temperature 60°C and found to be -315.8 pm/N compare to -158.3 pm/N for 30°C. In addition, there is not a 
significant variation of the sensor R2 for the linear regression, which indicates the same (or very similar) sensor 
linearity for the transverse force tests at the different temperatures. Therefore, the sensor sensitivity variation 
is mainly related to the CYTOP Young’s modulus variation at different temperatures, as discussed in the 
previous section. In order to verify and validate this assumption, Figure 5-16 shows both the Young’s modulus 
and sensitivity variations with respect to temperature. The results show that both curves show the same parallel 
slope. Thus, Figure 5-16 offers important evidence that the sensitivity variation of the POFBG sensor for 
transverse force at different temperatures is related to the material Young’s modulus variation, and it is 
proportional to such variation in the material properties. 
From the aforementioned theoretical background and the experimental results presented in Figure 5-16, a 
compensation method for the temperature effects acting on the POFBG transverse force sensor is realized 
through Eq. 5.15, with due consideration of the characterized parameters. The estimated transverse force after 
the application of the compensation method is shown in Figure 5-17, for each tested temperature, along with 




Figure 5-16  Comparison between sensor transverse force sensitivity and CYTOP Young’s modulus variations with 
respect to the temperature variation. 
The difference is significant, the compensated results follow a linear regression between the measured and 
the applied transverse forces at each tested temperature, whereas the uncompensated data shows high errors 
comparing with the applied force, which increase with temperature. Towards to have a numerical comparison 
between the errors with and without the proposed compensation technique, Table 5-4 presents RMSE for the 
sensor response with the applied transverse force, for the compensated and uncompensated cases at each 
temperature.  
The mean and standard deviation (mean ± standard deviation) of the RMSE according to the results 
presented in Table 5-4 found to be 0.25±0.03 N and 1.68±1.64 N, for the compensated and uncompensated 
responses, respectively. Therefore, there is a mean RMSE reduction of 6.7 times when the compensation 
method is employed. One should note that the compensated and uncompensated responses share the same 
RMSE for the characterization and calibration performed at 30°C. For the uncompensated case, the RMSE 
increases exponentially with temperature in response to the Young’s modulus variation. On the other hand, the 
compensated response shows no significant variation in the RMSE. The largest difference between 
compensated and uncompensated responses occurs at the highest temperature (60°C) as expected, where the 
compensated RMSE response is 16 times lower than for the uncompensated case. 
 
 
Table 5-4 POF performance parameters in transverse force cycles. 
Temperature Compensated RMSE 
Uncompensated 
RMSE 
30°C 0.23 N  0.23 N 
40°C 0.31 N 1.05 N 
50°C 0.26 N 1.41 N 
60°C 0.25 N 4.03 N 
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Figure 5-17 Compensated and uncompensated transverse force responses of POFBG sensors at different temperatures. 
5.5. Development and Dynamic Compensation of FBG-based Curvature 
Sensors 
In order to combine the advantages of POFs and FBGs, in this sub-section, a POFBG curvature sensor is 
developed with CYTOP fibers, which are commercially available and present lower optical losses at C+L 
bands than other POFs. Since the material behavior can lead to hysteresis and cross-sensitivity with the 
movement frequency, the Young’s modulus variation with respect to strain cycle frequency was characterized 
using DMA, an analysis already discussed in Section 3.4. Following the material characterization, a 
compensation technique to mitigate the effects of hysteresis and frequency cross-sensitivity is proposed and 
verified for different movement frequencies of the optical sensor. Potential applications of the developed 
sensor include angle measurements in a robotic exoskeleton [189], as a wearable sensor for joint angle 
measurements [190] and on the instrumentation of robotic actuators [191]. 
5.5.1. Theoretical Background and Compensation Technique  










where E is the material Young’s modulus, υ is the Poisson’s ratio and σ is the stress, which is defined in 
Equation 5.18 for the bending case [187]. 
xI
Mx
  (5.18) 
Regarding Equation (5.18), M is the bending moment, x is the displacement in vertical direction and Ix is 
the cross-section moment of inertia. Thus, considering the constant temperature and the dependency of the 
Young’s modulus with the oscillatory movement frequency (f), the equation for the wavelength shift in FBGs 




















As can be seen in Eq. 5.19, the Young’s modulus variation leads to a variation in the sensor curvature 
sensitivity. In addition, the polymer viscoelastic response also can show a dependency with the applied strain 
rate, which explains the relation between hysteresis and angular velocity reported in [166]. Thus, the angular 
velocity and, consequently, the frequency can influence both the sensor sensitivity and hysteresis, which is 
defined as the offset between the loading and unloading curves. In the curvature case, the loading curve will 
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be referred to as the flexion cycle, whereas the unloading as the extension cycle. Figure 5-18 summarizes the 
effect of the oscillatory movement frequency on the sensor’s response. It is worth noting that Figure 5-18 
illustrates the frequency effects that will be experimentally confirmed in the next sections. The frequency 
influence on the sensor sensitivity is represented by a slope variation, whereas the hysteresis is shown as an 
offset for the measurements made at the two different frequencies. Referring to Figure 5-18, s1 and s2 are the 
sensitivities for frequency 1 (f1) and 2 (f2), respectively. Additionally, h1 is the hysteresis at f1, whereas h2 is 
the one at f2. In the case presented in Figure 5-18, frequency 2 is higher than frequency 1. 
In order to compensate the effects illustrated in Figure 5-18, the movement frequency needs to be 
estimated. Since the frequency presents a direct relation with the angular velocity, the movement frequency 
can be estimated by taking the angle variation rate of the POFBG curvature sensor. In addition, the Young’s 
modulus with respect to frequency requires characterization and the curvature sensor is tested under different 
velocities to obtain the relation between the sensor sensitivity and the movement frequency. The hysteresis 
between flexion and extension cycles is subsequently analyzed at each discrete frequency, which results in an 
experimental model relating the frequency and hysteresis. This model is applied to the POFBG curvature 
sensor as the hysteresis compensation. Hence, there are two models: one for the cross-sensitivity mitigation 
and the other for the hysteresis compensation. Figure 5-19 presents the block diagram of the proposed 
compensation technique, where the model input is the wavelength shift and the output is the compensated 
angle. 
 
Figure 5-18 Schematic illustration of the frequency effect on the sensor sensitivity and linearity for two different 
frequencies; where h1 and h2 are the hysteresis for the frequencies 1 and 2, respectively. Analogously, s1 and s2 are the 
sensitivities for frequencies 1 and 2, respectively. 
 
Figure 5-19 Block diagram of the sensitivity compensation (block m1), hysteresis compensation (block m2) and the 
correlation equation that results in the angle output (block m3). 
Regarding Figure 5-19, the block “m1” refers to the sensitivity compensation with respect to frequency, 
whereas the block “m2” is the hysteresis compensation model. The outputs of models “m1” and “m2” are ys 
and yh, respectively. Both models are obtained through the experimental characterization performed in the next 
sections. Finally, the model “m3” correlates the compensated wavelength shift with the angle (α) that results 
in the compensated angle measurement. 
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5.5.2. Experimental Setup 
Following the grating inscription, the sensor is subjected to annealing, which is a thermal treatment in 
which the POF is kept at temperatures close to its glass transition temperature for extended time periods of 
several hours [179]. In this case, the annealing is made under water, since the high humidity can further 
increase its effectiveness [60]. In addition, the thermal treatment is made at a constant temperature of 90°C for 
24 hours. The developed POFBG sensor is positioned on the experimental setup as shown in Figure 5-20. The 
setup comprises of a DC motor with angular position and velocity control, where a potentiometer is connected 
with the DC motor and a gear (1:1 ratio) to provide the reference angle. The tests are performed over an angular 
range of 0 to 60°, which is within the knee joint angle interval during gait motion when walking [155]. In 
addition, two endstop microswitches are employed to prevent system angles exceeding 60°. The CYTOP and 
MMF are fixed in the 3D translational stage, for the purpose of providing higher stability for the UV-joint 
during the oscillatory movements. The employed movement frequencies are 0.50 Hz, 0.61 Hz, 1.10 Hz, 
1.32 Hz, 1.87 Hz and 4.49 Hz, where these frequencies were selected as they are close to the ones used in the 
material Young’s modulus characterization with respect to the movement frequency. 
 
Figure 5-20 Experimental setup for the POFBG curvature sensor characterization. 
5.5.3. Results and Discussion 
5.5.3.1. Sensor Characterization 
In order to verify the sensitivity reduction with respect to the frequency increase, flexion cycles were 
performed for different frequencies. Figure 5-21(a) shows the response for three different frequencies, 0.50 Hz, 
1.32 Hz and 4.49 Hz. In addition, the direct relation between the sensor sensitivity and the Young’s modulus 
variation with frequency is shown in Figure 5-21(b), where the same linear behavior was obtained for both 
material and sensor responses. The linear regression between the wavelength shift and the angle is presented 
in Eq. 5.20 for the test at 0.5 Hz. This test was chosen for the regression due to its higher sensitivity. 
Equation 5.20 will be referred to as the uncompensated response, since it is the response without the application 
of any compensation technique. 
029.0017.0    (5.20) 
In addition, the responses presented in Figure 5-21(a) also shows the linear behavior of the sensor at each 
frequency. Therefore, the model “m3” is a linear regression relating the wavelength shift with sensitivity and 
hysteresis compensation and the angle. Since the sensor displays a linear response to different frequencies, the 
model “m1” (see Figure 5-19) can be obtained by determining the linear regression between the sensor 
sensitivity and the frequency. Equation 5.21 presents the coefficients of this linear regression. Thus, the sensor 
sensitivity can be estimated at each frequency by applying Eq 5.21. 
019.0004.0  fys  
(5.21) 
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A similar analysis is performed for the hysteresis compensation. In this case, the extension cycles are also 
analyzed, and the hysteresis is calculated as the offset between the flexion and extension curves. Figure 5-22(a) 
shows the sensor response for 0.5 Hz, whereas Figure 5-22(b) presents the hysteresis with respect to frequency. 
The relation between the sensor hysteresis and the oscillatory movement frequency follows a second-order 
exponential regression, which is the same regression found for PMMA POF characterization [58] and in 
hysteresis compensation based on the material features [182]. Hence, Equation (5.22) may be used to estimate 
the sensor hysteresis (h) based on its movement frequency. 
)14.0exp(06.0)1.17exp(20.168 ffh   (5.22) 
 
(a)              (b) 
Figure 5-21 (a) POFBG curvature sensor response for three different frequencies (0.50 Hz, 1.32 Hz and 4.49 Hz). (b) 
Comparison between the sensor sensitivity and Young’s modulus variations with respect to frequency. 
Additionally, as presented in Figure 5-22(a), there is also a sensitivity variation between flexion and 
extension cycles, which is a source of hysteresis. Therefore, for the hysteresis compensation, it is necessary 
not only compensate the offset between the curves, but also the sensitivity variation. For the tested frequencies, 
the sensitivity of the flexion cycle is greater than the extension cycle. Figure 5-22(c) depicts the sensitivity 
difference between flexion and extension cycles at each frequency (0.50 Hz, 0.61 Hz, 1.10 Hz, 1.32 Hz, 
1.87 Hz and 4.49 Hz), and we observe a hysteresis-related, lower sensitivity for the sensor extension cycles 
compared to the flexion cycles. 
 




Figure 5-22 (a) Flexion and extension cycles at 0.5 Hz with the sensitivity of each cycle. (b) Hysteresis variation as a 
function of the frequency. (c) Sensitivity difference between flexion and extension cycles at each frequency. 
Equation 5.23 presents the sensitivity with respect to frequency for the extension cycles recovered from 
Figure 5-22(c). 
0197.00038.02  fys  
(5.23) 
There will be two equations for hysteresis compensation, one for flexion and the other for extension. The 
flexion and extension movements can be detected by the direction of the angular velocity obtained after the 
derivative block in Figure 5-19. The equation for extension is comprised of the sensitivity correction with 
respect to frequency (Eq. 5.23) and the offset correction as a function of the frequency, shown in Eq. 5.22. The 
compensated equations for flexion and extension cycles are given by Eq. 5.24 and 5.25, respectively. 
 )019.0004.0(  f
 
(5.24) 
 )0197.00038.0( hf 
 
(5.25) 
5.5.3.2. Compensation Technique Verification 
The compensation technique presented in the previous sections is applied and verified, where Eq. 5.24 is 
applied for the flexion movement and Eq. 5.25 for extension. Figure 5-23 shows results of the compensated 
response for the test at 1.10 Hz, for which was found the highest hysteresis reduction. 
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Figure 5-23 Measured angles for flexion and extension cycles after applying the compensation technique. 
The comparison between the compensated and uncompensated responses is made with respect to the 
sensors’ hysteresis and RMSE. The uncompensated response is obtained by isolating the angle in Eq. 5.20, 
whereas the compensated response is obtained by applying Eq. 5.24 and 5.25. The compensation technique 
verification occurs in two steps: first, validation of the frequency cross-sensitivity compensation is performed, 
followed by the hysteresis compensation validation. For the cross-sensitivity compensation analysis, the 
RMSE between the applied and measured angles is compared at each frequency for the compensated and 
uncompensated cases. Figure 5-24 shows the results obtained, where the RMSE is presented with respect to 
the frequency. As expected, the results at 0.5 Hz show the same hysteresis, given that Eq. 5.20 (employed for 
the uncompensated response analysis) is obtained at the 0.5-Hz flexion cycle. As the frequency increases, there 
is a sharp increase in the error of the uncompensated response, whereas compensated responses are almost 
constant. In addition, we note that the errors observed in the compensated measurements are related to sensor 
nonlinearities that lead to a reduction of the correlation coefficient between the sensor response and the linear 
regression. Nevertheless, the correlation coefficient is higher than 0.98 in all tests.  
The compensated and uncompensated responses presented similar RMSEs for all frequencies below 
1.5 Hz. The difference between the responses increases when the frequency exceeds 1.5 Hz, as the sensitivity 
exhibits higher variations at higher frequencies. The mean RMSE of the compensated response is 4.20°, 
whereas that of the uncompensated response is 7.45°. Therefore, the compensation technique leads to a 
comparative RMSE reduction of 44%. 
 
Figure 5-24 RMSE of the compensated and uncompensated responses at each tested frequency. 
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The verification of the second step of the compensation technique requires a comparison of the sensor 
hysteresis before and after the compensation, as shown in Figure 5-25. Once again, the results are presented 
as a function of the movement frequency. In this case, the uncompensated hysteresis showed a downward trend 
with increasing frequency. Although the hysteresis was reduced for all tested frequencies, it less effective for 
frequencies > 1.5 Hz. Nevertheless, there is an improvement that is observed across the frequency range. The 
mean hysteresis before the application of the compensation technique is 0.0403, and 0.022 following 
compensation; a reduction of 55%. 
 
Figure 5-25 Hysteresis of the compensated and uncompensated responses at each tested frequency. 
 
5.6. Final Remarks 
This Chapter has presented the development of sensors for measuring temperature, strain, force and angle 
based on FBGs. Using the background provided by the fiber characterization in Chapter 3, compensation 
techniques for temperature, frequency and creep responses were proposed and a performance enhancement on 
each sensor was reported. In addition, the investigation of thermal treatment on FBG spectral characteristics 
and sensor responses was also conducted and shows advantageous features of the annealing at high humidity 
conditions on the development of highly sensitive sensors with negligible hysteresis.  
Even though the cost of FBG interrogation equipment as well as its size and weight are major drawbacks in 
some applications that require low cost and portable sensors (but is not an issue in many industrial and SHM 
applications), it is important to mention that many works in low cost and portable interrogators have been 
proposed [48], [192], where even FBG interrogators on chip have been studied [193]. In addition, there is also 
commercially available FBG transceivers with higher portability [194]. Therefore, with these advantages on 
FBG interrogation technologies, it is possible to foresee the application of FBG sensors on the instrumentation 
of wearable devices for gait assistance outside clinical environment. For these reasons, one can envisage the 
widespread of FBG technology on the instrumentation of many healthcare devices in multiparameter and 





Chapter 6. POF Sensors Applications in Healthcare Devices  
6.1. Introduction 
In this Chapter, applications of POF sensors in healthcare devices are presented. The sensors development 
is performed using the background acquired in Chapter 3, where the POFs were characterized, enabling the 
development of the sensors based on intensity variation principle and FBGs as depicted in Chapter 4 and 
Chapter 5, respectively.  
The proposed sensors were applied in three assistive devices: (i) human-robot interaction forces assessment 
in a lower limb exoskeleton, (ii) FBG array application in SEA’s spring for angle and torque measurements 
and (iii) SW for multiparameter assessment. In addition, the multiplexing technique for intensity variation 
sensors (see Section 4.4) is applied on the development of an instrumented insole for plantar pressure and GRF 
monitoring. In order to summarize the sensors developed, the devices employed and to clarify the methods 
used in each application, Figure 6-1 shows an overview of the applications discussed in this Chapter using 
both sensing technologies (intensity variation and FBG). It is noteworthy that the principles investigated in 
previous chapters are also used on the development of novel sensors (when compared to the ones presented in 
Chapter 4 and Chapter 5), such as torque, oximetry, HR and BR sensors. 
 
Figure 6-1 Overview of the applications developed in this Chapter and their relation with the developments 
presented in previous chapters. 
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6.2. Assistive Devices Employed on Sensors Applications 
6.2.1. Advanced Lower Limb Orthosis for Rehabilitation (ALLOR) 
The ALLOR presents an active degree of freedom on the knee, where the motor unit is a direct current 
(DC) motor (Maxon Motors, Switzerland) and a harmonic drive gear reduction (Harmonic Drive AG, 
Germany). Such unit provides a range of movement from 0 to 90º. The knee joint angle is acquired with a 
precision potentiometer of 10 kΩ and ± 2% of linearity (Vishay, USA) that is connected to a harmonic drive 
output through a toothed belt. It is worth to mention that the potentiometer signal has to be filtered with a low 
pass Butterworth filter in order to mitigate the high noise observed in the measurements. In the analyses, the 
orthosis is positioned on a chair and the user, with the ALLOR attached, makes flexion and extension 
movements with respect to the knee joint on a predefined angular range. The robotic device provides an 
assistance on the flexion-extension movement and the degree of this assistance varies from 1, referring to the 
highest assistance of the ALLOR on the user movement, to 10, which is the lowest assistance of the orthosis. 
The orthosis positioned on the chair is presented in Figure 6-2. 
 
Figure 6-2 ALLOR orthotic device positioned on the chair for flexion/extension cycles. 
6.2.2. Active Knee Orthosis Driven by a SEA 
The employed SEA is shown in Figure 6-3. It comprises of a customized spring, and a DC motor with an 
encoder. The transmission of movement is made by a worm gear and the alignment and freedom of movement 
of the motor axis is guaranteed by an angular contact bearing. Another encoder is positioned on the actuator 
output axis and the spring deflection is estimated by the difference between the motor encoder and the output 
axis encoder. The orthosis was fabricated at the Engineering School of São Carlos, University of São Paulo, 
where details of the design and construction of this SEA are presented in [9]. 
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Figure 6-3 Rotary Series Elastic Actuator for an active knee orthosis. 
 For the validation tests, the spring is fixed in a base, which is positioned on a fixed support to limit the 
flexion and extension movements to only one plane. Figure 6-4 shows a back view of the spring, where it can 
be seen the encoder E5 series (US digital, USA) positioned on the output shaft (used for comparison with the 
POF sensors). 
 
Figure 6-4 Back view of the spring with the encoder used for comparison purposes. 
6.2.3. Smart Walker 
The POF sensors implementation are also on the SW depicted in Figure 6-5, where the motors, mechanical 
structure and sensors are shown. The SW (UFES Cloud Walker) was conceived and manufactured in Federal 
University of Espírito Santo (UFES, Brazil)[195]. The SW has two 3D force sensors (Futek MTA400, USA) 
for the detection of the user’s movement intention as well as two motors (with encoders) (H1 US Digital, USA) 
for the actuation of the healthcare device. Additionally, there is an IMU (BNO055 Bosch, USA) placed on the 
SW’s center tube to measure its orientation and velocity. Another sensor used for the comparison with the 




Figure 6-5 Overview of the SW used for the POF sensors implementation – UFES Cloud Walker. 
 
6.3. Intensity Variation-based Sensors Applications in Healthcare Devices 
6.3.1. Angle Measurements in Lower Limb Exoskeletons 
The POF curvature sensor is positioned on the ALLOR as shown in Figure 6-6 and the compensation 
technique based on angular velocities depicted in Section 4.2 is applied, where flexion and extension cycles 
are made on the 5 different angular velocities applied on the rehabilitation exercises, which are chosen 
empirically based on the level of rehabilitation that the patient needs. These angular velocities are presented 
in Table 6-1 and three cycles were made at each angular velocity. The compensation technique resulted in 
hysteresis and RMSE reduction at all angular velocities tested. Furthermore, the RMSE and the hysteresis of 
each cycle are presented in Table 6-1 with a comparison of the response with and without the compensation 
technique proposed. 
 
Figure 6-6 POF curvature sensor positioned on the ALLOR through 3D-printed supports. 
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1 0.05 1.83 2.78 0.31% 1.68% 
2 0.05 2.90 4.50 0.03% 0.84% 
3 0.05 2.28 2.96 0.54% 1.57% 
4 0.10 2.52 4.00 1.23% 2.07% 
5 0.10 2.66 4.01 0.29% 0.68% 
6 0.10 2.11 3.30 0.34% 1.70% 
7 0.16 1.92 2.10 0.15% 0.57% 
8 0.16 2.20 2.50 0.46% 1.18% 
9 0.16 1.74 1.92 1.31% 2.02% 
10 0.21 2.74 2.96 0.89% 1.02% 
11 0.21 2.60 2.87 0.45% 1.55% 
12 0.21 2.27 2.30 0.44% 1.32% 
13 0.26 1.80 4.23 0.60% 1.65% 
14 0.26 1.58 4.56 2.42% 4.77% 
15 0.26 2.13 4.40 2.63% 5.10% 
      
Since the compensation technique is already validated on the exoskeleton, a test with a subject is made. 
The test comprises of 5 flexion/extension cycles on the range of 10° to 80°. The reason for this range is the 
patient comfort and the mechanical limits the exoskeleton angles. Moreover, an angle of 90° may cause higher 
vibration of the motor, which is transmitted to the potentiometer response. The patient is comfortably 
positioned on the chair and the exoskeleton is fixed on his tight, shank and foot. In case of unexpected behavior 
of the robotic device, the user may stop the exoskeleton’s motion using an emergency button. Figure 6-7 shows 
the user with the exoskeleton before the experimental validation. 
 
Figure 6-7 Subject with the exoskeleton before the experiment. The hip passive joint as well as the POF curvature 
sensor and reference arm are not connected at the time of the picture was taken. 
Test results are presented in Figure 6-8. The compensation technique was capable of reducing the 
hysteresis and the error of the flexion/extension movement. Although the compensation technique is capable 
of reduce the hysteresis of the sensor, it cannot guarantee a constant value of hysteresis, due to the high 
variation of this parameter. However, it keeps the hysteresis on a range lower than 2.5% in all cycles analyzed. 
Moreover, it also leads to reduction of the hysteresis in about half of its value when compared with the response 
without the compensation technique. The flexion/extension cycle shown in Figure 6-8 is the first of the 5 cycles 
performed. The hysteresis of this cycle is 0.1646% and the RMSE is 0.9167°.  
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Figure 6-8 POF sensor response (vertical axis) and potentiometer response (horizontal axis) for the first cycle of the 
rehabilitation exercise. 
In Figure 6-8, the flexion and extension responses are shown through a linear equation, since the objective 
is to show the sensor hysteresis. In order to have a broader visualization of the sensor response at each tested 
angular velocity, Figure 6-9 shows the POF sensor and the potentiometer response on one cycle at each velocity 
tested, presented in Table 6-1. Furthermore, Figure 6-9 enables the visualization of the errors at each velocity. 
Figure 6-9 shows that the errors tend to be reduced as the angular velocity increases. However, the errors 
also vary with the angle measured. For this reason, Figure 6-10 shows the error at each angle. The shaded line 
represents the standard deviation of the error in each velocity at each cycle. Moreover, the maximum error is 
~2.4° at about 47°. The region between 40° and 65° has the highest errors, which is expected since the 
viscoelastic response presents hysteresis on the regions that correspond to the half of the cycle of stress or 
strain [154]. For this reason, the stress applied on the fiber due to its curvature will provoke higher hysteresis 
on the regions of the half of the cycle, which leads to errors on the angle measurement on this region.  
Nevertheless, the proposed compensation technique reduces this hysteresis as demonstrated above, which 
means to a reduction of the error on this region, but there still have some remaining hysteresis that lead higher 
errors on this region when compared with the regions at the beginning or at the end of the movement cycle. 
However, the mean error of the 5 cycles tested is 1.2°. Furthermore, the standard deviation is less than 1°. 
 
Figure 6-9 POF sensor response and potentiometer response for the 5 different angular velocities tested. Regions 1, 2, 3, 
4 and 5 refer to the angular velocities of 0.05 rad/s, 0.10 rad/s, 0.16 rad/s, 0.21 rad/s and 0.26 rad/s respectively. 
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Figure 6-10 Error between the POF sensor and the potentiometer on the vertical axis. The potentiometer angle is 
presented on the horizontal axis. The shaded part of the error represents the standard deviation of the error in each 
velocity at each cycle. 
6.3.2. Angle and Torque Measurements in a SEA Spring 
This section presents the application of a POF curvature sensor on the elastic element of a SEA. Since 
small deflections of the spring have to be measured in an effort to estimate the actuator output torque, the 
sensor has to be carefully placed to obtain a high sensitivity. Another contribution of this section is a novel 
torque sensor based on POF stress-optic effect. 
6.3.2.1. System’s Requirements and Experimental Setup 
The spring with its base and a lever to provide the angular deflection are attached to a support that presents 
two holes: one at 4° with respect to the lever position when the spring is not under deflection and the other at 
10° of the same condition. A lever is employed to position the springs on the predefined angles (see Figure 
6-11). Furthermore, the encoder E5 series (US digital, USA) is positioned on the spring axis, below the wooden 
support. This encoder is the reference for the dynamic tests of the POF sensor. Besides its simplicity, this 
experimental setup also makes the sensor validation easier on both static and dynamic tests. 
The positioning of the fiber on the spring is of great importance due to the differences of the movement at 
each portion of the spring. In order to obtain a higher range of movement for the sensor, an analysis of the 
spring under a predefined stress is made. In this analysis, the spring is fixed and a torque is applied on the 
center of the spring to simulate the stress that the lever applies on the spring. Figure 6-12 shows the equivalent 
strain of the spring when a torque of 15 Nm is applied, which is the maximum torque of the SEA’s DC motor 
when the safety factor is considered [9]. In Figure 6-12, the points a and b present higher relative movement 
and low equivalent strain. Therefore, these points are more suitable for the POF sensor position, since there is 
more range of movement of the sensor and the low equivalent strain, in this region, prevents the fiber rupture 
and plastic deformation. 
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Figure 6-11  Experimental setup for the POF sensor validation. 
 
Figure 6-12 Equivalent strain of the spring submitted to a 15 Nm torque. The points a and b are more suitable for the 
POF sensor positioning. 
The POF sensor has to be positioned perpendicular to the face of the spring shown in Figure 6-12. 
Otherwise, it may interfere on the spring extension movement due to the fiber strain (since a bulk PMMA POF 
is employed) and can slip on the compression movement. Both in extension and compression of the spring, the 
effects of the sensor mounted on the spring surface will cause a decrease of the sensor sensitivity. In order to 
place the sensor perpendicular to the spring surface without inhibit the spring movement, supports for the 
optical fiber sensor were made. These supports are placed on the points a and b of the spring presented in 
Figure 6-12. A schematic drawing of the spring with the POF sensor is presented in Figure 6-13(a), whereas, 
a photograph of the spring with the 3D printed supports and the optical fiber sensor is shown in Figure 6-13(b). 
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(a)                (b) 
Figure 6-13 (a) Schematic drawing of the POF sensor attached on the spring and (b) Photograph of the spring with the 
3D printed supports for the POF sensor positioning. 
6.3.2.2. Method for Angular Deflection measurement 
Applications of POF curvature sensors involve a calibration phase on static or quasi-static conditions prior 
to the application of the sensor on dynamic measurements. In this case, the first measurements are made on 
static conditions, which are on 0°, 4° and 10°. The sensor response at each of these angles are acquired and a 
calibration curve is obtained. The characterization test comprises of positioning the lever on the holes with 4° 
and 10° distance of the lever for about 150 seconds at each angle. Since the lever is directly connected to the 
spring output, a 10° turn represents a 10° deflection of the spring, for example. The lever is connected to the 
spring output as presented in Figure 6-11. For this reason, the angular movement of the lever is directly 
transmitted to the spring. Therefore, the characterization of the angular deflection is made by positioning the 
lever on the holes with an angular displacement with respect to the lever initial position of 4° and 10° (see 
Figure 6-11) for about 150 seconds at each angle.  A laser with 3 mW @650 nm is connected to one end of the 
fiber, whereas the other end of the fiber is connected to a photodiode with a transimpedance amplifier circuit. 
The acquisition frequency is 200 Hz. Since the POF sensor can present measurement errors with the variation 
of temperature and humidity [112], all tests are made without the variation of these parameters. In addition, 
another POF, connected to the same light source, is positioned close to the spring without any strain applied 
on it for temperature and humidity monitoring. 
The viscoelastic response may be modeled with the Maxwell’s viscoelastic model as depicted in previous 
sections (see also Appendix A). In this model, the viscoelastic response is approximated as a system with a 
spring and a dashpot connected in series. The spring represents the elastic component of the material response, 
whereas the dashpot is related to the material viscous response. Applying this principle to the POF curvature 
sensor response, it is possible to disconnect the time-varying and the static components of the response. By 




PtP  ,             (6.1) 
where t  is the time and   is the polymer time constant, which can be obtained by an exponential fit of the 
creep experiment response. Furthermore, the static response of the sensor can be isolated on Eq. 6.1 to obtain 
an expression to compensate the viscoelastic effects of the sensor. Figure 6-14 presents the compensated and 
uncompensated responses for the viscoelastic effect on the sensor response of the static characterization with 
10° deflection of the spring. The stress on a fiber generates a variation of the signal. Therefore, it is expected 
that the optical response of the sensor without the time-varying component will be inverse in modulus when 
compared to the one obtained in creep recovery. 
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Figure 6-14 Comparison between compensated and uncompensated responses of the POF sensor when the spring is 
deflected in 10°. 
The compensated responses for the 10° and 4° deflections were 2.14 V and 2.01 V, respectively. In 
addition, the response when no deflection is applied on the spring is 1.92 V. These responses are related to the 
spring angles through a linear regression. The calibration curve and correlation coefficient are presented in 
Figure 6-15. 
 
Figure 6-15 Calibration curve of the POF curvature sensor. 
The dynamic response of the sensor is evaluated on sequential compression cycles. The tests comprise of 
loading and unloading the lever for about 3.5 seconds. Figure 6-16 shows the results for the POF sensor and 
the encoder measurements, which are not continuous for a better visualization of the POF response. 
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Figure 6-16 POF curvature sensor response for successive loading/unloading cycles and encoder measurements. 
For this test, the RMSE (between the POF sensor and the encoder) is about 0.57°. However, it should be 
noted that both systems present different behaviors on the dynamic tests. The encoder response is in steps of 
0.3°, whereas, the POF sensor presents almost continuous response with a resolution of 0.1° when considering 
the 8-bit ADC. For this reason, it may be an angle that is below the encoder resolution, but it is within the POF 
sensor resolution that will be detected by the proposed sensor. Although the POF can detect this angle, it is 
calculated as an error of the POF sensor. Therefore, this RMSE may be lower if a higher resolution system is 
employed as reference. Nevertheless, the POF sensor presented errors lower than 4% when considering the 
entire range of the test. 
6.3.2.3. Proposal and Validation of Novel Technique for Torque 
Measurement 
Despite the good accuracy of the POF curvature sensor, it generally has a saturation trend of its response 
in angles higher than 90°. However, in this case, the initial position of the sensor is already on a 180° bend 
(see Figure 6-13(a)) and the sensor shows a linear behavior. One reason for this behavior may be a trade-off 
between the radiation losses due to the curvature and the attenuation generated by the refractive index variation 
that the stress-optic effect causes. This assumption is verified, and its suitability is demonstrated in Appendix 
F as well as the development of the torque sensor POF sensor based on stress-optic effects, where the POF 
power attenuation is directly related to the applied torque. 
Based on the evidences discussed in Appendix F, the assumption for the POF torque sensor is, since the 
fiber is initially bended in 180°, all the attenuation of the optical power is due to the variation of the refractive 
index caused by the stress-optical effect. Furthermore, as assumed for the deflection in Section 6.3.2.2, all the 
torque generated by the spring deflection is directly transmitted to the fiber. For this reason, different refractive 
indexes are applied on the equation of the sensor attenuation (see Appendix A) to obtain the relation between 
the output power attenuation and the refractive index variation. The POF sensor properties are presented in 
Table 6-2. To enhance the signal visualization, the output power signal is normalized with respect to the first 
signal (when the refractive index variation is 0). Figure 6-17 shows the relation between the sensor output 
variations with the refractive index variation ( cn ). 
Table 6-2 POF sensor properties. 
Parameter Value Unit 
a 0.49 mm 
p 0.60 mm 
c 12.48 mm 
nc 1.492 - 
ncl 1.417 - 
q11 10-11 m2/N 
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Figure 6-17 POF sensor output power variation with different refractive indexes and the linear compensation for 
refractive indexes higher than 1.3 RIU. 
The output power variation with the refractive index changes is almost linear. However, the relation does 
not have a linear behavior when the refractive index variation is higher than 1.3. Such relation is obtained 
under the consideration that all power attenuation is due to the stress-optic effect, and it may lead to errors on 
the torque measurement. In order to compensate the effect of this nonlinearity on the torque measurement, a 
linear approximation of the curve relating the refractive index variation and the output power is made for 
refractive indexes higher than 1.3 (see Figure 6-17). 
The variation of the core refractive index due to the stress-optic effect is given in Appendix A. Furthermore, 
as shown in Section 6.3.2.2, the time-varying component of the sensor viscoelastic response can be isolated 
from the static component through Eq. 6.1. Since the main assumption here is that all the signal attenuation is 
due to the stress-optical effect, Eq. 6.1 can be applied for the stress response of the sensor shown in Eq. 6.2. If 
pure bending stress is considered, the static stress ( 0 ) can be calculated as: 
I
Tx
0 ,                   (6.2) 
where T is the torque, x  is the perpendicular distance between the bending axis and the neutral line, and I x 
is the moment of inertia around the neutral axis. Applying the assumption that all the output signal variation 
is due to the stress-optical effect, Eq. 6.1 can be rewritten with stress terms instead of optical power terms. By 
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Since the fiber cross sectional area is circular, the moment of inertia depends only on the POF total 
diameter, which is the 0.98 mm of the core plus the 20 µm thickness of the cladding and the 1.2 mm of the 
jacket that totalizes the diameter of 2.2 mm of the POF employed. The distance between the bending axis and 
the neutral line is the length indicated as “higher stress region” in Figure 4-1. The length of this region is about 
3.5 mm. Although the value of this distance can change with the bending angle, this variation is not high in 
this case due to the lower angles of spring deflection, which is lower than 12° (see Figure 6-16) and the lower 
curvature radius of the fiber in this case. Therefore, the distance between the bending axis and the neutral line 
x, is considered constant. In order to get the refractive index variation, the range of variation of this parameter 
with the output power can be approximated through linear regressions. Equation 6.4 shows the linear regression 
for the result presented in Figure 6-17. This equation gives the estimated refractive index ( estn ) with a certain 







nest              (6.4) 
The difference between the estimated refractive index when the output power ratio is 1 (1.616, see Eq. 6.4) 
and the estimated refractive index for a certain output power ratio is the refractive index variation. The torque 
curve is compared with the measurements made on the spring. Since the spring presented high linearity on 
both extension and compression movements [9], the torque on the spring under compression is the product 
between the spring constant for compression, which is 92 Nm/rad, and the spring deflection angle. When the 
deflection angle is 4°, the spring torque is 6.42 Nm, whereas the torque estimated by the sensor based on POF 
is 6.78 Nm, this difference represents an error of 5%. However, this error is reduced as the spring deflection 
angle increases. When the spring angle is 10°, the torque is 16.05 Nm and the POF torque sensor estimates a 
torque of 16.57 Nm, which is an error of 3.2%. 
The POF torque sensor is also validated in dynamic measurements. The test results presented in 
Section 6.3.2.2 is evaluated with respect to the torque by means of the product between the spring deflection 
measured by the encoder and the spring constant. Figure 6-18 presents the test results and the torques estimated 
by the torque sensor. The RMSE is also calculated in this case. The error between the POF sensor and the 
encoder for the torque estimations is 0.33 Nm. The errors that can be present due to the encoder resolution 
discussed in Section 4.6.2.2, are also presented in this test. Although the deflection range is low, the assumption 
of constant moment of inertia and constant perpendicular distance between the bending axis and the neutral 
line also can lead to minor deviations on the torque estimation. For this reason, the error of the torque sensor 
is higher than the one of the curvature sensor. The comparison between the RMSE for the torque and the angle 
is made by calculating the percentage contribution of the RMSE on the total range of the test, which means to 
calculate a ratio between the RMSE and the test range. In this way, the error percentage contribution of the 
torque sensor is 5.7%, whereas the percentage contribution of the curvature sensor is 4.7%. The error of the 
torque sensor may be further reduced if the variation of the distance between the bending axis and the neutral 
line is considered for the different deflection angles on the spring. Nevertheless, Figure 6-18 also shows the 
comparison between the proposed technique for torque measurement with POF sensors and the POF curvature 
sensor with the application of the spring constant to estimate the torque, an alternative manner to determine 
the torque on a torsional spring. Regarding the sensor resolution, the estimated value for the torque 
measurement is about 0.15 Nm, which provides a higher resolution than the encoder (about 0.5 Nm). In 
addition, the sensor errors for the torque measurements is lower than 5%, which indicate high precision of the 
proposed POF sensor. 
 
Figure 6-18 Torque estimated by the POF torque sensor for successive loading/unloading cycles and torque estimated 
by the encoder and POF curvature sensor with the application of the spring constant. 
103 
6.3.3. POF-Embedded, 3D-printed Support for Microclimate and Human-
Robot Interaction Forces Assessment in Wearable Devices 
This section presents the development of a POF sensor system embedded in a 3D-printed exoskeleton’s 
shank support for simultaneous measurement of human-robot interaction forces and the microclimate 
conditions (humidity and temperature). The presented solution offers flexibility and low-cost that could be 
used in different wearable devices. The sensors have a modular configuration in which the microclimate 
sensors are embedded in structures made of rigid materials (ABS) and the force sensors, in flexible materials 
(TPU). The proposed sensor system is applied in an exoskeleton for knee rehabilitation. In addition, it is also 
scalable, since their dimensions can be customized for each user. Finally, the rapid prototyping methods 
employed in conjunction with the low-cost and ease of implementation of POF sensors based on intensity 
variation result in an instrumented shank support for wearable devices that can be readily employed in large 
scale production or it can be customized for each user.  
6.3.3.1. Sensors Design, Fabrication and Operation Principle 
All the four proposed sensors are based on the light intensity variation and are embedded in 3D-printed 
structures. Two sensors are positioned for the pressure assessment in flexion and extension cycles of the gait, 
whereas the other two are used for temperature and humidity assessment. The sensors for temperature and 
humidity measurement are embedded in rigid structures made of ABS. The reason to employ rigid structures 
in these sensors is to isolate the sensors from the stress or strain applied in the exoskeleton’s shank support. In 
this way, the intensity variation in these sensors are only due to temperature and humidity. On the other hand, 
for the sensors employed in the human-robot interaction forces assessment, the stress applied in the support 
have to be transmitted to the fiber. In order to achieve this, the 3D-printed structure, where the sensor will be 
embedded is made with TPU due to its higher flexibility.  
A schematic representation as well as the picture of the device are presented in Figure 6-19(a)-(c), which 
also detail the fabrication steps of the proposed instrumented shank support for wearable devices. The POF 
employed in this study is a multimode PMMA with a core diameter of 980 µm and cladding thickness of 
10 µm. 
As shown in Figure 6-19(a), the first step in the sensor fabrication is to perform a lateral section on the 
fiber removing the cladding and part of the core, which creates a sensitive zone with higher sensitivity to 
curvature and environmental variations. The sensitive zone is created through abrasive removal of material 
and has 14 mm length and 0.6 mm depth, where such length and depth were chosen as the one with highest 
sensitivity and linearity according to the analysis presented in previous sections. The lateral sections with 
aforementioned dimension are made in four pieces of POF, which are applied for the temperature, humidity 
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Figure 6-19 (a) POF sensors fabrication. (b) Schematic representation of the instrumented shank support. (c) Pictures of 
the front and back views of the developed prototype. 
After the sensitive zone fabrication, an annealing treatment is performed in the fibers in which they are 
kept under water. This reduces the internal stress created in the fiber manufacturing process, decreasing the 
sensors’ hysteresis and increasing the transverse force sensitivity [196]. Then, each fiber is embedded in its 
respective structure manufactured with the 3D printer Sethi3D S3 (Sethi, Brazil). Thus, two pieces of POFs 
with lateral section are embedded in a 3D-printed ABS structure as shown in Figure 6-19(a). Such structure is 
rigid, in order to isolate the sensor from the forces applied in the shank support, but it also has an opening to 
allow the exposure of the fiber lateral section with the environment. In this way, the sensors can be used to 
measure the temperature and humidity variations with negligible influence of the applied force. It is noteworthy 
that the stray light has much lower power than the one of the coupled on the end facet of each POF. Thus, it is 
expected that the side coupling between the stray light and the POF lateral will not lead to significant power 
fluctuations. The microclimate sensors are close to the subject’s skin (distance of about 2 mm), which further 
reduce the influence of stray light in the sensor response, whereas the force sensor 2 is already embedded in a 
structure, reducing the stray light coupling. In addition, it is possible to place a 3D-printed housing on the front 
plane of the instrumented support (see Figure 6-19(c)) to further reduce the stray light influence on force sensor 
1.  
The operation principle for temperature and humidity assessment is based on the intrinsic feature of 
polymers, which is the Young’s modulus dependency with environmental conditions (temperature and 
humidity) [59] as thoroughly described in Section 4.3. In order to apply the stress on the fibers, a torsion is 
made on each fiber that is employed in the ABS rigid structure to guarantee the torsion stress on the fiber as 
depicted in Section 4.3.  
For the force sensors 1 and 2 (see Figure 6-19(a)) the opposite occurs, i.e., the sensors are embedded in 
flexible structures made of TPU that transmit the applied force to the fiber without being in direct contact with 
the microclimate variations in the interface between the user’s leg and the shank support. When a force is 
applied to the force sensors, the flexible structure deforms, which leads to a curvature in the fiber, resulting in 
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a power attenuation. In addition, the force also leads to a stress in the fiber that result in a refractive index 
variation of the POF due to the stress-optic effect as characterized in [176]. 
The sensors’ positions are presented in Figure 6-19(b) and (c). In this case, the force sensor 1 is positioned 
in the front of the 3D-printed support, whereas force sensor 2 is positioned in the back of the proposed support 
(see Figure 6-19(c)). Thus, when extension movements are performed, force sensor 1 is activated and measures 
the interaction force in this movement. Similarly, when the flexion is made, the force acquisition is performed 
with force sensor 2. In addition, the sensor assembly is also made with a thermoplastic resin to improve the 
connection and provide even higher stability to each sensor module. Therefore, the proposed instrumented 3D-
printed support presents a modular configuration that enables the variation of each sensor module positions 
according to the desired application. 
6.3.3.2. Experimental Setup for Sensors Characterization 
The light sources used in the test are two LEDs, one at 660 nm employed in the microclimate sensors 
characterization (IF-E97 Industrial Fiber Optics, USA) and the other at 870 nm (IF-E91D Industrial Fiber 
Optics, USA) for the force sensor analysis both LEDs have an output power of about 0.4 mW. The light is 
coupled from the LEDs to the sensors trough a 1×2 light coupler with 50:50 coupling ratio (IF 540 Industrial 
Fiber Optics, USA).  
In addition, the used photodetectors are the phototransistors IF-D92 (Industrial Fiber Optics, USA). The 
characterization of the sensors is performed with respect to humidity, temperature and force variations, which 
is developed in two steps. The first one is the application of those parameters on each sensor module. In this 
way, each sensor is characterized with respect to each parameter. For the force characterization, a set of 
calibrated weights are positioned on respective modules, where the range of the test is from 0 to 40 N in 10 N 
steps. The temperature characterization is made using a thermoelectric Peltier plate (TEC1-12706, Hebei IT) 
with a temperature controller (TED 200C, Thorlabs) on the range of 25°C to 45°C in steps of 5°C. Finally, the 
humidity characterization was made with an in-house modified climate chamber 1/400 ND (Ethik Technology, 
Brazil) with humidity varying from 20% to 90%. The chosen temperature and humidity ranges are within the 
range of comfort zones defined in [6], whereas the force is within the range of interaction forces obtained in 
previous works [28]. 
Since POFs present variation on their Young’s modulus with temperature and humidity, the force sensor 
will present cross-sensitivity with respect to the environmental changes, as demonstrated in [197]. For this 
reason, the force characterization is also made in different conditions of temperature and humidity. It is 
expected that the environmental changes will lead not only to an offset in the sensor’s force response, but also 
altering the sensor sensitivity. Therefore, it is necessary to compensate the effects of temperature and humidity 
on the force sensors’ responses. The method employed to achieve this compensation is summarized in the 
block diagram shown in Figure 6-20. The method is based on the sensor characterization for each specific 
condition. First, the force sensor is characterized in constant temperature and humidity conditions. Then, the 
force characterization is repeated in different temperature conditions and humidity conditions, where a 
correlation is performed between the changes on the offset and sensitivity of the sensor responses as a function 
of temperature and humidity. In addition, polymers present creep/relation in their stress/strain responses, which 
is characterized for the PMMA POF used here (see ref. [58]) and their relation in the different sensors responses 
are presented in [78], [184].  
For this reason, creep tests are made in the force sensors, where different forces are applied in the sensors 
for about 3 minutes and an exponential regression is made on the sensor response. In summary, the general 
equation for the proposed force sensors is presented in Eq. 6.5, whereas Eq. 6.6 shows the general equation for 
temperature and humidity as follows: 


































1 ,         (6.6) 
where PF1,F2 is the optical power of force sensors 1 and 2, a(T,H) is the sensor sensitivity as a function of the 
temperature (T) and humidity (H), which will be characterized in the following sections. In addition, b(T,H) is 
the offset in the sensor response with respect to the environmental changes, also obtained in the sensor 
characterization stage. Finally, the term t is the time and τ is the sensor time constant characterized in the creep 
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tests in order to assess the long-term response of the force sensors. PM1 and PM2 are the measured powers for 
microclimate sensors 1 and 2, respectively. Thus, the PF1 is the force sensor 1, for the interaction force 
assessment in the flexion cycles, whereas PF2 is the one for the force assessment in the extension cycle (see 
Figure 6-19(b)). Similarly, PM1 and PM2 are the microclimate sensors positioned next to force sensor 1 as shown 
in Figure 6-19(b), where the temperature and humidity are estimated using the responses of both sensors after 
applying Eq. 6.6.  These parameters are also presented in the block diagram of Figure 6-20. K1,H and K2,H are 
the humidity sensitivities of the microclimate sensors 1 and 2, respectively. Similarly, K1,T and K2,T are the 
temperature sensitivities of microclimate sensors 1 and 2. 
The sensor modules are assembled as presented in Figure 6-19(c) and the second step is made. Such step 
is the sensor system validation through simultaneous analysis of temperature, humidity and force in all sensors. 
In this case, there is the application of force in the whole shank support with the positioning of the calibrated 
weights in a structure that resembles the human shank, which is connected to the front part of the support. 
Simultaneously, another set of calibrated weights is applied in the back part of the structure in which the force 
sensor 2 is positioned. In addition, the temperature and humidity are also monitored through microclimate 
sensors 1 and 2, where the reference sensor for temperature and humidity comparison is the HTU21D 
(Measurement Specialties, USA). Figure 6-21 shows the schematic representation of the experimental setup 
used in the sensor validation. 
 
Figure 6-20 Block diagram for the temperature, humidity and force responses of the proposed sensor system. 
 
Figure 6-21 Experimental setup for validation of the proposed sensor system. 
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6.3.3.3. Instrumented 3D-printed Shank Support Application in 
Wearable Devices 
After the sensors’ characterization and validation, the proposed 3D-printed support is applied in two 
different wearable devices for gait rehabilitation and assistance. The device is an exoskeleton for knee 
rehabilitation, which provides different degrees of assistance with an impedance controller [28]. In this case, 
the proposed 3D-printed support is positioned on the device, whereas another support is positioned on the 
users’ thigh as shown in Figure 6-22. 
 
Figure 6-22 Experimental setup for exoskeleton application. 
The exoskeleton is positioned on a chair, as shown in Figure 6-22, the user makes flexion and extension 
cycles and the impedance controller of the exoskeleton provides a certain degree of assistance in the movement 
(or increase the difficulty of the movement) depending on the user’s rehabilitation stage. For the tests with the 
proposed 3D-printed support, the user is asked to make flexion/extension cycles with the impedance set on the 
tests is only the one for the gear reduction. Thus, the exoskeleton does not provide any assistance or difficulty 
in the flexion/extension movements. The exoskeleton is attached on the user through the thigh support and the 
proposed shank support and the force, temperature and humidity are collected in ten flexion/extension cycles. 
6.3.3.4. Sensors Characterization Results 
The microclimate sensor response and characterization were already demonstrated in Section 4.3. 
Similarly, the creep response as well as the temperature cross-sensitivity were already depicted in previous 
Chapters. For these reasons, the characterization results of each sensor are presented in Appendix G, where it 
is necessary a characterization for each sensor. The results for the sensor validation at these environmental 
conditions are presented in Figure 6-23(a). In order to test the sensor in different conditions, two sets of tests 
are presented in Figure 6-23(a): one is a short-term test in which the force variations are performed in a time 
interval within 30 seconds, whereas the other is a long-term test. In the latter, the force variations are performed 
for 150 seconds, where it can also be seen the compensation of the creep behavior of the sensors. Furthermore, 
Figure 6-23(b) shows the sensor validation of the proposed 3D-printed shank support with the experimental 
setup shown in Figure 6-21 and with the force also applied in Force sensor 2, where the applied force is known 
(due to the calibration weights). In addition, temperature and humidity sensors are in the same environmental 
conditions as the proposed POF sensors. 
The results of the force sensors validation show a RMSE between the sensor response and the applied force 
(obtained from the calibrated weights applied on the sensor) for the short-term tests of about 2.8 N for sensor 
1 and 2.3 N for sensor 2. Regarding the long-term tests, the obtained RMSEs are 1.9 N and 1.0 N for Force 
sensors 1 and 2, respectively. The obtained errors are related to nonlinearities of the sensors and deviations in 
temperature and humidity, since the errors are higher in the short-term tests in which there was lower time for 
temperature and humidity stabilization. However, considering the whole range of the test, the mean relative 
error is below 4.5%, which can be regarded as low errors. Thus, the proposed Force sensors are suitable for 
human-robot interaction forces applications, where, besides short and long-term force variations, there is also 
the microclimate variation.  
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(a)                (b) 
Figure 6-23 (a) Force sensors validation under different temperature and humidity conditions for short (top) and long 
(bottom) term tests. (b) Validation of the force and microclimate sensors embedded in the 3D-printed shank support. 
In the tests presented in Figure 6-23(b), there is an increase of about 10% in the RMSE of the force sensors, 
where such increase is related to the errors of microclimate sensors 1 and 2. Since the temperature and humidity 
corrections occur by applying the temperature and humidity responses of the microclimate sensors, the errors 
of such sensors will be propagated to the force sensor response. Nevertheless, as can be seen in Figure 6-23(a) 
and (b), the proposed force sensors still present a good agreement with the applied force. In addition, 
considering both the characterization and validation tests, the RMSE of temperature and humidity sensors are 
about 1.1°C and 2.5%, respectively. 
6.3.3.5. Application of the 3D-printed Instrumented Support 
After the characterization and validation of the proposed 3D-printed instrumented support, we apply it as 
a shank support for the ALLOR wearable device discussed in Section 6.2 and presented in Figure 6-22. With 
the lower limb exoskeleton, the made tests are the flexion and extension of the knee. The results obtained with 
the proposed 3D-printed instrumented support are shown in Figure 6-24, where the 10 flexion/extension cycles 
were performed with the exoskeleton. Since Force sensor 1 is activated in the extension cycle and Force sensor 
2 in the flexion, the response of Force sensor 2 was inverted in order to provide a better visualization of the 
results obtained in the exoskeleton application. It can be observed in Figure 6-24 that both sensors respond to 
the force input in their respective cycles, i.e., sensor 1 in extension and 2 in flexion. Thus, the maximum force 
of each sensor occurs in distinct instants of the flexion/extension cycle, which is in agreement with what is 
expected in those cycles and the higher force variation on the extension cycle. Moreover, it is in accordance 
with the previous works using the same device at the same conditions [28]. In addition, the temperature and 
humidity responses remain stable during the whole test and within the range of environmental conditions of 
the room, where the tests were performed.   
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Figure 6-24 Force, temperature and humidity measured in the application of the proposed shank support in an 
exoskeleton for rehabilitation exercises. 
6.3.4. Smart Walker Instrumentation and Health Assessment 
This Section presents a POF-based smart textile for the assessment of breathing rate (BR) and heart rate 
(HR) as a tool for monitoring the physiological parameters of individuals. The proposed smart textile is also 
capable of detecting the cadence of the user, which is applied in human-robot interaction control [33]. 
Furthermore, we also propose an oximetry sensor that is embedded in the SW structure for the assessment of 
this parameter while the SW is being used. Thus, the proposed sensor can be readily employed in architectures 
for remote sensing for e-health applications and in cloud robotics. 
6.3.4.1. Experimental Setup 
Figure 6-25 presents an overview of the SW with its sensors and motors (already discussed in Section 6.2). 
In addition, the figure also illustrates the user with the POF-based smart textile positioned in his/her chest. 
Regarding the reference in the POF-based smart textile analysis, a LRF (Hokuyo URG-04LX, Japan) is 
employed to detect the users’ legs and estimate gait cadence. This sensor presents the advantage of being a 
non-contact solution, but it also presents some operational requirements. These requirements are related to the 




Figure 6-25 Schematic representation of the SW employed and the developed sensors. 
As presented in Figure 6-25, the pulse oximetry sensor is embedded in the SW’s handles. Thus, when the 
user starts to walk with the SW, the sensor begins the oxygen saturation measurement, which is an important 
indicative of the user’s health and physical conditions. Simultaneously, the user has a POF-sensor positioned 
on his/her chest that measures their BR and HR. Additionally, when the person is walking, the POF-based 
smart textile is also able to track the user’s gait cadence. The proposed sensor network offers interesting 
possibilities for different approaches in SW control schemes. As trends in late technology development, e-
health [4] and cloud robotics [198] are regarded as solutions that greatly improve the quality of life of the 
citizens. 
6.3.4.2. Polymer Optical Fiber Sensors Development 
6.3.4.2.1. Pulse Oximetry Sensor 
The percentage of hemoglobin with bound oxygen measured in the pulse, known as SpO2, is an important 
physiological parameter, since an oxygen level below 90% results in hypoxemia, which can be caused by some 
diseases or intensive physical activities [199]. In general, the pulse oximetry is based on the blood light 
absorption properties in which there are differences in the absorption of deoxyhemoglobin (Hb) and 
oxygenated hemoglobin (HbO2) [200]. In this case, HbO2 has higher absorbance in the near infrared 
wavelength region than Hb, whereas in the red light (about 660 nm) the absorption of the Hb is higher when 








2 .         (6.7) 
In general, SpO2 measurements are performed on the ear lobe, finger or toe for an accurate assessment 
[201]. For this reason, the proposed SpO2 sensor is embedded in the SW’s handles, where it will be in contact 
to the users’ fingers when the SW is being used. In this way, we fabricated a handle for the SW through additive 
layer manufacturing (ALM) using the 3D printer UP! 3D mini (3D Printing Systems, Australia) with embedded 
POFs. The POFs used in this work (both in SpO2 and smart textile) are made of PMMA with a core diameter 
of 980 µm and cladding thickness of 10 µm.  
Figure 6-26 shows the manufactured handle with the embedded POFs. Since the SpO2 takes the difference 
between the absorbance at different wavelength regions, two LEDs were employed, one (IF-E97 Industrial 
Fiber Optics, USA) with central wavelength at 660 nm and the other (IF-E91D Industrial Fiber Optics, USA) 
at 870 nm. The optical signal of each light source is transmitted through two POFs in order to increase the 
region that the sensor is able to measure. In addition, the SpO2 is estimated through the light reflected by the 
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person’s finger, which is a common approach reported in the literature [52], [201]–[203]. Thus, two 2x2 light 
couplers with 50:50 coupling ratio (IF 540 Industrial Fiber Optics, USA) are employed with the configuration 
presented in Figure 6-26. The photodetectors used in this sensor are two phototransistors IF-D92 (Industrial 
Fiber Optics, USA). It is also worth to mention that the light couplers, LEDs and photodetectors are placed on 
the SW support (close to the LRF, see Figure 6-25), where the light coupler is fixed to avoid movements that 
may result in variation of the coupling ratio. 
 
Figure 6-26 Schematic illustration of the proposed SpO2 sensor. 
The light attenuation at each wavelength due to scattering losses can be estimated by means of a modified 
Beer-Lambert law [53], which is described with details in [204]. Thus, also considering the solution of the 
modified Beer-Lambert law for 692 nm and 834 nm presented in [52], [203], the equations for Hb and HbO2, 
considering the wavelengths of 660 nm and 870 nm are presented in Eq. 6.8 and 6.9, respectively, as follows: 
)14.017.0( 870660 nmnm PPHb  ,        (6.8) 
)67.012.0( 8706602 nmnm PPHbO  ,        (6.9) 
where ΔP660nm is the POF power attenuation at 660 nm and ΔP870nm is the power attenuation at 870 nm. In this 
case, we applied a bandpass filter between 0.6 Hz and 3.5 Hz in order to filter out the movement artifacts and 
reduce their influence in the SpO2 estimation. Additionally, by analyzing the signal in the frequency domain, 
by means of a fast Fourier transform (FFT), the heart rate can also be estimated, as also demonstrated in [52]. 
6.3.4.2.2. POF-based Smart Textile 
The proposed smart textile comprises of an elastic band with an embedded POF, which is positioned on 
the user’s chest (see Figure 6-25). When the person breaths or makes movements, there is a curvature variation 
in the POF that leads to power attenuation, where the light source is a LED (IF-E97 Industrial Fiber Optics, 
USA) and the power attenuation is acquired by a photodiode (IF D91 Industrial Fiber Optics, USA). In order 
to increase the sensor sensitivity, eight lateral sections are made in the fiber with 14 mm length and 0.6 mm 
depth, which are the optimum parameters found in Appendix B. The positions of each lateral section are 
presented in Figure 6-27, which also shows the different loadings that the elastic band is subjected when 
attached to the human chest.  
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Figure 6-27. Overview of the POF-based smart textile and the loadings acting on it during the gait. 
Regarding Figure 6-27, the respiration leads to the stretching of the elastic band, whereas the heartbeat 
induces a body vibration with low amplitude but can also be detected by the proposed sensor. In addition, there 
are movements in the frontal plane during the gait that induces a bending in the elastic band.  All these 
aforementioned periodic movements present differences in the frequency or amplitude. The breathing 
frequency lies between 0.1 to about 0.8 Hz [51]. On the other hand, gait (cadence) and heartbeat present 
frequency ranges of 1.2 Hz to 3.4 Hz [51] and 0.6 Hz to 3.5 Hz [155], respectively. Although the gait and HR 
show similar frequency range, the spinal movements during the gait lead to a higher movement amplitude than 
the one induced by the heartbeat. For this reason, it is possible to separate heart, breathing rate and cadence by 
analyzing the sensor response in the frequency and time domains.    
6.3.4.3. Sensors Characterization 
6.3.4.3.1. Oximetry Sensor Characterization 
The tests for the oximetry sensor characterization and validation were made with four male subjects (mean 
and standard deviation ages of 30.5±5.3). The results are compared with a commercial reference 
photoplethysmography (PPG) sensor (digiDoc Pulse Oximeter, Norway). Thus, all four volunteers are asked 
to hold the 3D-printed handle for 30 seconds to 1 minute, where good repeatability was found between 
measurements with deviations lower than 2%. 
Figure 6-28 shows the results obtained with the proposed oximetry sensor. For the SpO2 estimation, the 
results obtained at 660 nm and 870 nm are normalized and applied in Eq. 4.8 and 4.9. The results of Eq. 4.8 
and 4.9 are substituted in Eq. 4.7 for the SpO2 assessment, which is presented in Figure 6-28(a). In order to 
demonstrate the sensor ability of tracking the HR, Figure 6-28(b) shows the sensor response in the frequency 
domain for each subject, where the peak of each response is the HR, which is also compared with the reference 
PPG sensor. Since the HR is commonly in the range of 0.6 to about 3.5 Hz, we apply a band-pass Butterworth 
filter of order 2 in this frequency interval. Then, the peak frequency is multiplied by 60 in order to show the 
results in beats per minute (bpm). 
Regarding the SpO2 results, the proposed sensor was able to measure this parameter with good agreement 
with the reference sensor. The RMSE between the proposed and reference sensor is 0.15 %. However, it is 
worth to note that the proposed sensor has 0.1 % resolution, whereas the one of reference sensor is 1 %. Thus, 
the RMSE is also influenced by the POF system higher resolution. In addition, the highest difference between 
both sensors occur in the test with subject 4, which may be related to the user’s hand positioning in the SW’s 
handles, since if the fingers do not cover the sensing region, there might be measurement errors. In the HR 
assessment, there is also a comparison with the reference PPG sensor (digiDoc Pulse Oximeter, Norway), 
where the RMSE between both sensors is 0.25 bpm. Nevertheless, the HR is defined as the number of 
heartbeats in a minute interval, which is always an integer number. Thus, this RMSE lower than 1 bpm 
indicates a good comparison between both sensors. 
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(a)                (b) 
Figure 6-28 SW embedded oximetry sensor response for (a) SpO2 measurement and (b) HR assessment.  
6.3.4.3.2. Characterization of the POF-based Smart Textile 
The characterization of the proposed smart textile is made in two scenarios: in rest position and during the 
gait. In this way, it is possible to analyze the sensor in two operation conditions: walking and resting. 
Conditions that include simultaneous measurement of the BR and gait cadence during the SW use and as a tool 
for BR and HR assessments when the person is not using the SW.  
As mentioned above, the breathing frequency interval is within a different range of HR and gait cadence. 
Therefore, a straightforward way to separate those parameters in the frequency domain is by filtering the signal 
in different frequency windows. For this reason, a second-order Butterworth filter is applied in the frequency 
window of 0.1 Hz to 0.6 Hz for the estimation of the BR. Additionally, the same filter, but in the 0.8 Hz to 
3.5 Hz frequency interval is employed for the gait cadence (when the person is walking) and HR (when the 
person is at rest) assessments. Once again, the proposed sensor is validated with four individuals, where the 
results for simultaneous assessment of BR and HR are presented in Figure 6-29. 
 
 
Figure 6-29 Heart and breathing rates measurement with the POF-based smart textile. 
Comparison between POF-based smart textile for HR and BR presented a good agreement with the 
considered reference. The RMSE for HR assessment is 1 bpm, whereas the one for the estimation of breath 
count is 0.25 breath counts, which show the feasibility of the proposed sensor for measuring HR and BR. The 
reason for the higher error in the HR measurement is the heartbeat signal amplitude, which is some orders of 
magnitude lower than the one of breathing.  Thereafter, the proposed POF sensor is characterized for 
simultaneous measurement of gait cadence and BR. In this case, the filter in the first frequency window (0.1 Hz 
to 0.6 Hz) results in the BR, whereas the one between 0.8 Hz to 3.5 Hz yields in the gait cadence. The reference 
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of the gait cadence is simply the counting of the user’s steps during the test, which was performed within one 
minute with one subject. Figure 6-30 shows the POF response in frequency domain after each filter, where the 
sensor was able to track both BR and gait cadence.  
 
Figure 6-30 POF-based smart textile response for BR and gait cadence. 
6.3.4.4. POF sensors Implementation in the Smart Walker 
After the positive feedback from both oximetry and smart textile sensors, they are applied in the SW with 
the configuration presented in Figure 6-25. Figure 6-31 shows the block diagram of the sensors implementation 
in the SW, which is based on the premise that the person needs the SW for locomotion. Thus, if the SW is not 
active, i.e., is not moving, the person is not walking. Then, the POF-based smart textile makes the acquisition 
of the HR and BR as presented in Figure 6-30 and the oximetry sensor is not in use. If the SW is active, which 
can be easily detected by the motor encoders or force sensors (see Figure 6-25), both smart textile and oximetry 
sensors are being used. In this case, the analysis of the oximetry sensor in the time domain gives the SpO2, 
whereas the HR is obtained in the frequency domain. Since the person is walking, the smart textile acquires 
both BR and gait cadence, where the latter can be applied in the SW control for human-robot interaction [32]. 
 
Figure 6-31 Block diagram of the POF sensors implementation in the smart walker. 
For the implementation tests, three subjects were asked to walk with the SW in a straight line of about 
10 m and the test is repeated five times for each subject. The physiological conditions of the users are compared 
with the reference PPG sensor, whereas the gait cadence is compared with the SW’s sensors. Although the 
LRF is responsible for the legs detection and the gait cadence, this sensor presents some limitations in the legs 
detection related to the user clothing and illumination of the environment. For these reasons, we do not rely 
only on the LRF to obtain the gait cadence for the comparison with our sensor. Thus, the gait cadence is also 
obtained by the SW linear velocity estimated from IMUs and encoders and is compared with the one estimated 
by the proposed POF sensor. 
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The SpO2 measurement for each test with the three volunteers is presented in Figure 6-32(a), where it can 
be seen a slight reduction of the SpO2 for subjects 1 and 2, which can be related to the users’ activity during 
the use of the SW. Nevertheless, the maximum reduction is lower than 1% and the SpO2 values are relatively 
far from the 90% limitation that is related to hypoxemia. Regarding the BR and HR, similar analysis is made 
in which the results for each subject at each test are presented in Figure 6-32(b) and (c), respectively. In 
addition, the gait cadences of each user at the five tests are presented in Figure 6-32(d), where the results show 
the feasibility of the proposed system to estimate all the proposed parameters: SpO2, HR and gait cadence. 
 
(a)              (b) 
 
(c)              (d) 
Figure 6-32 (a) SpO2 measurements in the SW implementation. (b) BR measurement. (c) HR measurement. (d) Gait 
cadence estimation. 
 
6.3.5. 3D-printed POF Insole: Application of Multiplexing Techniques in 
Low-cost Intensity Variation-based Sensors 
This section presents the development of an instrumented insole with intensity variation-based POF 
sensors. The proposed insole comprises of a single POF with 15 pressure sensors, which cover all pressure 
points of the foot sole defined in [37], where the response of each sensor is individually obtained using a 
multiplexing technique for quasi-distributed sensing arrays in intensity variation-based sensors proposed in 
Section 4.4. Comparing with other optical fiber distributed and quasi-distributed sensors, many distributed 
sensor technologies may lack on spatial resolution for this particular application. In addition, quasi-distributed 
technologies based on FBG arrays depend on the type of fiber employed. Even though it is possible to inscribe 
a 15-FBG array, the fiber brittle nature and material properties lead to a sensor with smaller dynamic range 
and sensitivity not to mention the complexity of the sensor fabrication due to fiber breakages [50]. These issues 
can be surpassed by inscribing the array in POFs, however, to date, there is no report of an FBG array with 
more than 7 sensors [69].  Thus, this is the instrumented insole with the highest number of sensors using optical 
fiber sensing technology with additional advantage of employing a technique that results in a system with 
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much lower cost and higher portability. The proposed insole was characterized in static, dynamic and gait 
conditions, where the results were compared with a commercial force platform. 
6.3.5.1. Methods 
The insole structure was 3D-printed using the Sethi3D S3 (Sethi, Brazil) with two different materials: TPU 
for the insole base and PLA for the top of the insole, which encapsulates the fiber and sensors. The layer height 
and material infill density were set to 0.2 mm and 80%, respectively. Regarding the optical part, the 
commercially available PMMA POF (HFBR-EUS100Z, Broadcom Limited) was used. This fiber has a PMMA 
core with 980 μm diameter, a cladding of fluorinated polymer with 10 μm thickness. In addition, there is also 
an overcladding made of polyethylene for mechanical protection of the POF. The light sources used were 
LEDs (ASMT-BR20-AS000 Broadcom Limited) with a central wavelength of 628 nm and 650 mcd luminous 
intensity, whereas the employed photodetectors were photodiodes IF-D91 (Industrial Fiber Optics, USA). The 
signal acquisition and the LED control are performed by the microcontroller FRDM-KL25Z board (Freescale, 
Austin, TX, USA) and transmitted using the Bluetooth module HC-05 (Logoele Electronics Technology, 
China). Moreover, all the data were analyzed and processed in MATLAB tool. 
As a vital part of the work, all 20 participants of the sensor validation tests are healthy adults with ages 
between 18 to 36 years without history of gait related pathologies. In addition, the shoe sizes of all participants 
were between Euro 39 (US 7 for male and 8.5 for female) and Euro 44 (US 10.5 for male and 12 for female), 
which are within the spatial resolution of the sensors. Participant with higher or lower foot sizes needed to be 
excluded from the study, since their feet will not cope with the spatial resolution of all sensors. Thus, 10 male 
and 10 female participants were chosen with the body masses ranging from 46 kg to 97 kg.  
The static tests were performed with 4 subjects standing still on the instrumented insole for about 100 
seconds and the data of each sensor is recorded. For the validation tests, the force platform (EMG system, 
Brazil) was employed for the comparison with the proposed insole, where five subjects were asked to perform 
displacements on their center of pressure (CoP) for about 10 seconds, the test was repeated 3 times. Finally, 
on the dynamic gait tests, each of the 20 subjects walked in a room for 15 m (in a straight line).  
6.3.5.2. Instrumented Insole Development 
The proposed insole was designed according to general guidelines in instrumented insole for dynamic 
measurements of plantar pressure. These guidelines include wireless connection, low power consumption, 
portability, low cost and with sensors distributed along the whole foot pressure points [13]. In order to comply 
with those design requirements, the sensor comprises of a commercial PMMA POF with 15 lateral sections 
similar to the ones described in Appendix B, when the pressure is applied on each lateral section, there is an 
optical power variation, which is acquired by two photodetectors, one at each end of the fiber. In addition, 
LEDs are positioned on each lateral section. In this way, there is a side coupling of the light at each section of 
the fiber. Thus, two photodetectors are employed with one serving as a reference to the other, resulting in a 
self-referencing system to mitigate errors due to the light source power deviations, which is a common issue 
in intensity variation-based sensors [66]. The position of each sensor was determined by the 15 foot anatomical 
areas that supports the weight and are responsible for the body balance as presented in [37]. These positions 
are shown in Figure 6-33, where the foot is divided into hindfoot (sensors 1 to 3), midfoot (sensors 4 and 5), 
forefoot (sensors 6 to 10) and phalanges (sensors 11 to 15) [205]. 
The sensing region of the sensors is limited by the fiber diameter, which is 1 mm in this case. Moreover, 
by having 15 sensors, one at each anatomical area of the foot, the proposed insole complies with the 
requirement of sensor positioning. After performing the lateral sections, the POF is positioned on a 3D-printed 
insole made of TPU, which is a flexible material suitable for insole production as shown in Figure 6-34. 
Thereafter, thermoplastic resin is applied on the POF in the regions close to the lateral section. Thus, the sensor 
is fixed in two positions (before and after the lateral section) in order to keep the fiber deformation restricted 
to the sensing region, which inhibits the crosstalk between sensors. This is especially important in the forefoot 
and phalange regions, where the sensors are close to each other. Then, a 3D-printed structure with 0.1 mm 
thickness made of PLA is positioned on the top of the TPU structure (as shown in Figure 6-34) and is glued 
on the TPU structure with a thermoplastic resin. In this structure, there are the housing structures of the LEDs, 
which are aligned with each lateral section, as also depicted in Figure 6-34. Furthermore, the housing of each 
LED also has region which is placed in contact to the fiber in a manner that when a pressure is applied to this 
region, there is a bending of the fiber and an increase of the stress on such region, which also results in power 
variation. Thus, there are three different attenuation mechanisms on each of the 15 sensors: the macrobending 
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principle when the pressure is applied, the stress-optic effect due to the stress applied on the fiber that leads to 
a refractive index variation [162] and the light coupling between the LED and the POF’s lateral sections.  
 
Figure 6-33 Foot anatomical areas and regions of the sensors positions, where each circle represents the sensor 
positioning. 
 
Figure 6-34 Insole components, assembly and POF sensitive zone, where the ‘c’ is the sensitive zone length. 
After the assembly, the 3D-printed, multiplexed POF insole has a total weight of about 150 g, which does 
not influence the gait natural pattern, since, according to Bamberg et al. [206], an instrumented insole must 
weigh less than 300 g to not significantly affect the gait pattern. As shown in Figure 6-34, the sensor system 
comprises of 15 LEDs coupled to 15 lateral sections on the fiber with controlled length and depth creating 15 
sensitive zones in which the fiber has higher sensitivity to the applied pressure. The proposed multiplexing 
technique comprises of the sequential activation of each LED with a predefined frequency and activation 
sequence. Thus, only one LED is activated at a time, where a microcontroller controls the activation frequency 
and sequence. The acquisition sequence is from LED 1 to 15 with an activation frequency of 30 Hz, i.e. each 
LED is activated 30 times per second, due to limitations on the LEDs intensity and operation frequency. In 
addition, the microcontroller is also responsible for acquiring the optical power measured by each 
photodetector when each LED is active, which results in two matrices, one for the photodetector 1 and the 
other for photodetector 2 (P1 and P2 in Figure 6-35(a)), respectively. In this case, each matrix has 15 columns, 
where each column represents the acquired power one of the predefined LEDs is active, which are represented 
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by the terms RLED1-15 in Figure 6-35(a). The acquired signals are transmitted to the local processing unit via 
Bluetooth also using the microcontroller, which also has the possibility of performing all the signal processing. 
Thus, the proposed insole also complies with the design requirement of wireless connection, where the results 
can be visualized with a computer or even a smartphone device, as summarized in Figure 6-35(a). In addition, 





Figure 6-35 (a) Schematic illustration of the insole connection, data acquisition and LEDs numbering. (b) Photograph of 
the device positioned on a subject. 
The matrices RP1 and RP2 shown in Figure 6-35(a) represent the responses acquired by the photodetectors 
P1 and P2 (see Figure 6-35(a)), where the matrices have the responses when each LED is activated. The signals 
acquired by each photodetector can have high attenuation depending on the sensor position, e.g, P1 detects a 
weak signal for the response of sensor 1 (when LED 1 is active) due to the higher distance between P1 and 
sensor 1, especially when considering the other 14 sensors in which there is optical power attenuation. For this 
reason, the responses of sensors 1 to 7 are acquired by P2, whereas the responses of sensors 8 to 15 are acquired 
by P1. In addition, the first step of the proposed multiplexing technique is the characterization of each sensor 
without the influence of the others, i.e., when pressure (or force) is applied to only one sensor. Then, the 
response of each sensor can be obtained by Eq. 6.10, where the influence of the other sensors is subtracted. 
Therefore, by performing both steps (individual characterization of the sensors and subtracting the differences 
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between them), it was possible to obtain a sensor system with low cross-sensitivity between the parameters 
and with low relative errors. Furthermore, the proposed technique can also compensate effects of light source 
power deviations and environmental effects, considering that, when a person is using the insole, the whole 








 ,                  (6.10) 
where Ri is the sensor estimated pressure (or force), RLEDi is the response acquired when LEDi is active and si 
is the sensitivity of sensor i obtained in the sensor characterization step. 
Regarding the power consumption, the proposed instrumented insole consumes about 70 mA when all the 
components are active with the signals transmitted via Bluetooth. Thus, the system can be powered with a 9 V 
alkaline battery with about 565 mAh, resulting in an autonomy higher than 8 hours. It is worth to mention that 
more efficient batteries can also be employed on the system, which increases system’s autonomy. Nevertheless, 
such low power consumption is also in accordance with the aforementioned design requirements. In addition, 
considering the commercially available components used and the low-cost techniques employed both on the 
sensor interrogation and on the insole manufacture using 3D printers, the proposed instrumented insole can be 
regarded as a low cost solution, where the cost is also comparable (and lower in some cases) with commercially 
available insoles based on electronic sensors. 
6.3.5.3. Results 
6.3.5.3.1. Insole Characterization 
The pressure sensors in the insole were characterized by the application of a constant pressure on each 
sensing region. The pressure was applied by means of positioning a calibrated weight over a known area (the 
contact area for the calibrated weights is equal to the total area of each sensor), where the pressure is obtained 
through the well-known relation between force and area. The pressures were applied on each sensor at a time 
in order to characterize the sensitivity of each sensor with reduced influence of the others. The measurements 
were repeated for each sensor and Figure 6-36(a) shows the linear regressions of sensors 1 to 8 as a function 
of the applied pressure, whereas Figure 6-36(b) shows the linear regressions for sensors 9 to 15. Furthermore, 
the response with applied force is also shown, since some analysis are made with respect to the GRF. Figure 
6-36(c) depicts the response of sensors 11, 12, 13, 14 and 15 when sequential loadings (F1 and F2, 40 N and 
80 N, respectively) are applied on the sensor 13. This case was presented, since it is the worst case concerning 
the crosstalk and cross sensitivity between sensors due to the proximity between those sensors (see Figure 
6-35(a)) and due to the LED activation. As mentioned above, the activation begins on LED 1 and finishes on 
LED 15, i.e. begins on sensor 1 and finishes on sensor 15. The differences on the sensors’ sensitivities depicted 
in Figure 6-36(a) and (b) are due to the sensor positioning on the insole and are also related to differences on 
the depth and length of the sensitive zone, which has direct influence on the sensor sensitivity [45]. Differences 
on the sensor positioning lead to variation on the distance between the sensitive zone and the thermoplastic 
resins applied to position each sensor as shown in Figure 6-34. Thus, the curvature radius of each sensor has 
differences when compared to the other ones due to the different positions of each sensor, e.g. sensor 8 is close 
to sensor 9 and 7, which leads to a lower curvature radius when compared with a sensor distant to the other 
ones, such as sensor 2. It is also worth to mention that all sensors showed a linear response, where the R2 
between the sensor responses and the linear regression is higher than 0.99 in all cases, which is regarded as 
high correlation.  In addition, the sensor responses depicted in Figure 6-36(c) show a significant difference 
between the response of sensor 13 (where the pressure was applied) and the responses of the other sensors. 
Considering the sensitivity of the other sensors (sensors 11, 12, 14 and 15), which are higher than the one of 
sensor 13, one can assume that the crosstalk between sensors is negligible, especially when Eq. 6.10 is applied.  
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(a)              (b) 
 
(c) 
Figure 6-36 (a) Linear regression of sensors 1 to 8 as a function of the applied pressure and force. (b) Linear regression 
of sensors 9 to 15 with respect to the applied pressure and force. (c) Response as a function of time of sensors 11 to 15 
when a loading is applied to sensor 13. F1 and F2 are the applied forces of 40 N and 80 N, respectively. 
6.3.5.3.2. Insole Validation and Applications 
In order to assess the functionalities and performance of the proposed 3D-printed POF insole, three 
different sets of tests were made. In the first test, four subjects were asked to stand still on the instrumented 
insole for about 2 minutes. In this way, it is possible to obtain a pressure map of each participant. In addition, 
it is expected that it is also possible to estimate the weight of each person by the sum of all the pressure points, 
since the sensing area is known. The weight and height of each participant is shown in Table 6-3 in which the 
weight estimated by the instrumented insole is also shown. The sensors responses for subject 1 as well as the 
pressure map obtained on the sensor response for this participant are presented in Figure 6-37.  
The pressure maps obtained for the subjects are similar to the ones obtained in reference works on the 
literature and, thus, similar to the one expected for subjects with foot without abnormalities [155]. In addition, 
the instrumented insole was capable of measuring the weight of each participant by means of summing the 
response of all 15 sensors. The errors shown in Table 6-3 have a direct correlation with the height of each 
subject. Assuming a proportionality between the height and foot size, the results indicate that the error is related 
to different sizes of the foot of each participant, which can induce errors on the weight estimation. 
Nevertheless, a RMSE between the participants’ weight and the ones estimated by the insole is about 1.9 kg, 
which represents a relative error of only 2.7%, considering the mean weight of the participants. Furthermore, 
it shows the ability of the sensor of measuring the plantar pressure on a high range of weights, which in this 




Table 6-3 Body mass estimated by the instrumented insole for each subject. 
Subject Height Body mass Estimated body  mass Error 
1 183 cm 97.0 kg 96.6 kg 0.4 kg 
2 163 cm 53.0 kg 55.7 kg 2.7 kg 
3 170 cm 65.0 kg 66.9 kg 1.9 kg 
4 168 cm 62.0 kg 59.9 kg 2.1 kg 
After the positive feedback from the first set of tests, the proposed 3D-printed insole was validated in a 
commercial force platform, which can measure the GRF and the two-dimensional CoP displacements. In this 
case, the insole was positioned on the top of the force platform and five subjects were asked to position their 
foot on the insole, each test takes about 6 seconds and was repeated 3 times. Then, the subjects were asked to 
perform on the sagittal and frontal planes as depicted in the arrows of Figure 6-38(a). The comparison between 
the force platform and instrumented insole on the measurement of the GRF and variations of the CoP on the x 
and y directions are shown in Figure 6-38(b) for subject 3 on test 2. In addition, the R2 between the force 
platform and instrumented insole was compared for all three parameters (GRF, CoP displacements in x and y 
directions) for all the participants as also shown in Figure 6-38(a).  
 
 
Figure 6-37 Plantar pressure at each part of the foot and pressure map of subject 1. 
The correlation coefficients presented in Figure 6-38(a) for all 5 subjects show a high correlation between 
the force platform and instrumented insole responses, since the lowest one found is for the GRF estimation in 
subject 5 (R2=0.878). The reason for this higher error is related to errors in the force estimation, which can be 
due to sensor nonlinearities or differences on the foot of this specific subject that have led to variations in the 
sensors’ responses. Nevertheless, the correlation coefficient is higher than 0.85, which can be considered a 
high correlation. As the mean weight of the participants is 67.2±16.7, the responses of participant 3 are shown 
in Figure 6-38(b), as this participant is the one with weight closer to the mean considering all five subjects. 
The responses of GRF and CoP for subject 3 shows good agreement between the proposed 3D printed insole 
and the commercial force platform. It is worth to mention that the CoP measurements were normalized, since 
the CoP center for the platform (CoP(0,0)) is in the center of the platform, which can have differences with the 
CoP of the insole if the CoP center of the insole is not precisely positioned on the center of the platform. Thus, 








Figure 6-38 (a) Insole positioning on the force platform, direction of the movements and R2 obtained for each subject 
on the estimation of GRF, CoPx and CoPy. (b) Comparison between the responses of force platform and instrumented 
insole for test 2 of subject 3. 
After the insole characterization and the comparison with a commercial force platform, the last set of tests 
is the evaluation of the proposed 3D-printed POF insole on gait analysis. In this analysis, 20 participants (10 
males and 10 females) were asked to walk in a straight line for about 15 m and the plantar pressure as well as 
the GRF were monitored using the insole. In order to show the capability of the insole of measuring GRF and 
plantar pressure for different subjects, the results obtained with the subject with the lowest body mass (46 kg) 
is shown in Figure 6-39(a). The GRF obtained from the sum of the force response of all 15 sensors is depicted 
in the blue curve (on the left of Figure 6-39(a)), where the solid line is the mean GRF from all cycles and the 
shaded curve is the standard deviation between cycles. The GRF results are normalized with respect to the 
stance phase and show the possibility of identifying gait events on the stance phase. Among many subdivisions 
reported for the gait cycle, we used the five phases subdivision depicted in Taborri et al. [16], where the stance 
phase is subdivided into heel strike (HS) when the heel makes contact with the ground (right after the initial 
contact), flat foot (FF) when the foot is parallel to the ground. Furthermore, there is also the heel off (HO) 
phase and toe off (TO), where the former is when the heel loses contact with the ground and the latter is in the 
vicinity of the swing phase when the toe is not in contact with the ground. In this analysis, we also considered 
a maximum weight acceptance (MA) phase when there is a local peak of the GRF, which resulted in the well-
defined M-shape of the GRF during the gait [155]. The plantar pressure distribution on each gait phase is also 
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shown, where the presented values are the mean of the pressure response of each cycle. Similarly, Figure 
6-39(b) shows the response of all 20 subjects. In order to present a better comparison between the participants, 
the response is not only normalized with respect to the stance phase percentage, but also with respect to the 





Figure 6-39 (a) GRF and plantar pressure for female subject with 46 kg body mass. Solid line represents the mean GRF 
and shaded curve represents the standard deviation of 5 cycles. (b)  Normalized GRF and plantar pressure 
measurements for all 20 participants. Solid line represents the mean GRF and shaded curve represents the standard 
deviation. 
The GRF results depicted in Figure 6-39(a) shows a low variation of the GRF, which is within the variation 
of this parameter in tests with a single subject. The highest variation occurs on the HS region, where there is 
the impact of the heel on the ground, which can present high variation during the normal gait. In addition, these 
differences between cycles can also be related to the gait speed, since it also influences the GRF response 
[207]. As expected, the normalized responses considering all 20 subjects present a higher standard deviation. 
However, this deviation is similar to the ones previously reported in the literature with similar number of 
participant [208]. Thus, it is possible to assume that these deviations are due to the gait inherent variability 
between different participants, instead of a repeatability issue of the instrumented insole. It is interesting to 
note that a higher variability occurs in the HS region as also obtained in Figure 6-39(a), which can confirm the 
variability of the gait cycle in this region. In addition, the region with highest variation in Figure 6-39(b) is 
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HO region, which is also related to the gait velocity variation of each participant. Furthermore, the plantar 
pressure distribution at each gait phase is in accordance with the well-known plantar pressure distribution 
reported in the literature with gold standard measuring devices [155]. This feature, in conjunction with the 
validation on force platform and the instrumented insole ability of estimating the weight of each participant, 
indicate the reliability of the proposed 3D-printed POF insole for measuring plantar pressure in different 
scenarios (static and dynamic tests). 
6.3.5.4. Discussion 
The development of an instrumented insole based on low-cost POF intensity variation-based sensors with 
the recently reported multiplexing technique for intensity variation sensors (see Section 4.4) is depicted, where 
the sensors are based on a lateral section on the fiber with increased sensitivity with respect to pressure and 
force variations. In this way, it was possible the multiplexing of 15 sensors in the same fiber using only two 
photodetectors for the signal acquisition resulting system with multiplexing capabilities close to the ones of 
FBGs, but with a cost some orders of magnitude lower when considering the necessity of high cost 
interrogation equipment and specialized lasers for FBG sensors fabrication and interrogation. In addition, the 
insole was fabricated with TPU and PLA flexible materials using a 3D printer, which lead to important 
advantages regarding the ease of fabrication, possibility of customization and relative low cost of 3D printed 
structures [209]. Thus, the employed methodology enables not only the large-scale fabrication of the proposed 
insole, but also the customization of the device for each individual, where the number and positioning of the 
sensors can be optimized for each user considering the foot size and anatomy. These advantages are well 
aligned with the state-of-the-art requirements for the development of assistive devices in which the device is 
optimized for each user, the so-called human-in-the-loop design [31]. 
The characterization performed on each of the 15 sensors in the insole as a function of the applied force 
and pressure shows the sensitivity differences due to the sensors positioning on the insole, which results in 
different curvature radii for the sensors. Nevertheless, the normalized responses of all sensors show the 
linearity of the sensing regions in which a correlation coefficient higher than 0.99 was obtained in all cases. In 
addition, the capability of isolating the force/pressure response of each sensor was demonstrated, where there 
is a much higher variation on the sensor in which the loading is applied even when compared with its closest 
neighbors. Even though a variation can be detected in the closest sensors, such variation is lower than 2% in 
the worst case analyzed (shown in Figure 6-36(c)). Considering the sensors sensitivities, such variation limits 
the sensor resolution to about 5 N in the worst case. For this reason, this sensor can, in principle, detect the 
GRF and plantar pressure variations in users with lower body mass than the ones tested. Hence, with some 
modifications on the sensors positioning (related to the foot anatomy of the users), it is possible to employ the 
proposed insole in the assessment of the gait parameters of children, which is a topic for further investigations.  
The proposed 3D-printed instrumented insole performance was evaluated in three different scenarios: (i) 
static tests with the user standing on the insole, (ii) body CoP displacements with the comparison with a 
commercial force platform and (iii) dynamic tests for the gait assessment. The static tests show the ability of 
the proposed insole of measuring the body mass of each user, where the highest error obtained was 3.4% for 
subject 4, whereas, in the best case, the error was lower than 1%. These results show not only the capability of 
the instrumented insole of estimating the body mass, but also leads to an important discussion about the number 
of sensors needed in an instrumented insole. Some works report dozens of pressure sensors, which bring 
important issues on the characterization of each sensor [13]. Thus, the reported ability of the proposed 
instrumented insole of estimating the body mass by the sum of the force responses between 15 sensors indicates 
that if the sensors are correctly positioned on the 15 anatomical areas of the foot [37], only 15 sensors are 
needed for a reliable estimation of the plantar pressure distribution and GRF. However, an important caveat 
should be noted, all the subjects considered in the study have normal foot and the 15 anatomical areas defined 
in [37] also considers a normal foot. Therefore, in the case of studies with subjects that have foot abnormalities 
(such as flat foot) different sensor positioning should be considered in order to obtain reliable measurements 
of plantar pressure and GRF, which can be easily accomplished with the methodology proposed in this study, 
where the insole design and sensor positioning can be optimized for each user or application.  
In addition, the comparison between the instrumented insole with the force platform shows a high 
correlation (R2 up to 0.97) between both devices on the GRF estimation and CoP variations on x and y 
directions. Since force platforms can be regarded as the gold standard for GRF and CoP monitoring [210], this 
high correlation between the proposed insole and the force platform indicates the reliability of the proposed 
device on the measuring of both parameters with the additional advantages of higher portability and lower cost 
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than force platforms. Furthermore, it is noteworthy that the proposed insole with the wireless connection used 
can be an important asset on remote health monitoring applications [4]. The GRF and plantar pressure 
distribution of each person can be monitored when the users are at home, performing their daily activities and 
the data can be sent to a clinician through a local gateway, where the data can also be processed offline and 
sent to a clinician through the cloud.  
Then, the insole performance was also evaluated in dynamic tests with 20 subjects performing sequential 
gait cycles, where the mean and standard deviations are in good agreement with the ones obtained in tests 
using different instrumented insoles and also in force platforms [155]. In these cases, a well-defined M-shape 
for the GRF was obtained in which was possible to identify 5 different gait events on the stance phase. These 
identified events can aid on the control of gait assistance devices and can also aid on the detection of gait 
related pathologies. Similarly, the plantar pressure distribution at each gait event also follows the pattern 
widely reported in the literature for healthy individuals during the gait [155], which is another important 
evidence of the accuracy and reliability of the proposed 3D-printed instrumented insole. This insole can also 
overcome the issue of low dynamic range reported in commercially available and in some previously reported 
insoles [13], since it was possible to measure the plantar pressure and GRF of subjects from 46 kg to 97 kg of 
body mass, which indicates the possibility of using this device for clinical evaluations of subjects with a large 
span of body masses (more than 51 kg). 
In summary, the high degree of customization allied with the verified reliability for both static and dynamic 
measurements enable a plethora of possibilities with the proposed 3D-printed POF insole. Aiming the 
aforementioned advantages, one can envisage many applications of the instrumented insole on clinical 
evaluations, remote health monitoring and even on the instrumentation of wearable devices for gait assistance, 
where its low cost can provide a widespread of this technology in many clinics and to the general population, 
which, according to World Health Organization [211], is a major drawback of many assistive technologies as 
the devices generally have high cost. 
6.4. FBG-based Sensors Applications in Healthcare Devices 
6.4.1. FBG-embedded 3D-printed Support for Human-robot Interaction 
Forces in a Lower Limb Exoskeleton 
Considering (i) the necessity of novel sensing solutions for flexible structures, (ii) the advantages of 3D 
printing on the development of flexible structures and sensors’ embedment and (iii) the advances in the 
inscription of long FBG arrays in CYTOP fibers, this section presents the development of flexible support for 
human-robot interaction force assessment using a FBGs array in CYTOP fibers. Two exoskeleton supports are 
3D printed with materials that have different degrees of flexibility, namely ABS and TPU. The structure that 
is attached to the exoskeleton is made of ABS for higher resistance, whereas each FBG of the 2-FBGs array is 
embedded in structures made of TPU for higher flexibility. Then, each FBG is characterized with respect to 
temperature and force. Following the sensor validation, the FBG-embedded 3D printed flexible supports are 
applied on a lower limb exoskeleton for knee rehabilitation exercises. In this way, the contribution of this 
section is in the development and characterization of FBG-embedded flexible structures for the next generation 
of wearable robots for rehabilitation. 
6.4.1.1. 3D-printed, FBG-embedded Flexible Supports Design 
For the 3D printed, FBG-embedded flexible support design, the first step is the grating inscription using 
the methods presented in Section 5.2. The second step for the flexible support design is the fiber annealing in 
which the POF is positioned inside a climate chamber 1/400 ND (EthikTechnology, Brazil) at a temperature 
of 70°C for approximately 12 hours. Such heat treatment promotes the relaxation of the polymer molecular 
alignment, which leads to the reduction of internal stress created in the fiber manufacturing process [118]. 
Thus, it results in the reduction of the fiber Young’s modulus, which leads to the increase of the sensor force 
sensitivity. In addition, the annealing in CYTOP fibers also results in the reduction of the sensor hysteresis as 
shown in Section 5.3. 
The 3D-printed structures are fabricated using the 3D printer Sethi3D S3 (Sethi, Brazil), where the 
structures have a predefined infill density, which indicates the amount of employed material to fill the 3D-
printed structure. For the ABS section of the support (see Figure 6-40), the infill density is 70% in order to 
increase the resistance of the structure, since it is attached to the exoskeleton. Two ABS structures are printed 
for each support, where the elastic bands for the attachment of the support on the user’s leg are positioned. In 
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between the ABS structures, a flexible structure made of TPU is placed and the FBGs are embedded in each 
TPU structure. The proposed method for the exoskeleton support fabrication provides stability in the interface 
between the robotic device and the user. At the same time, the flexibility of the support provides a comfortable 
and compliant support for the user’s leg. Figure 6-40(a) shows the schematic representation and block diagram 
for the 3D-printed flexible support fabrication, where it is possible to customize the support dimensions for 
each user. In addition, Figure 6-40(b) shows the schematic representation of the assembled support.  
The method shown in Figure 6-40 is used to fabricate each one of the two supports, the support is assembled 
with the aid of a thermoplastic resin. In order to evaluate the repeatability of this approach, the multiplexing 
capabilities of the FBGs and to provide higher stability for the user’s leg, an array with two FBGs (the distance 
between the two FBGs is 37 cm) is inscribed in CYTOP fiber. The FBGs spectra after the annealing are shown 
in Figure 6-41(a), where the spectrum was acquired using a Micron Optics sm125 FBG interrogator. However, 
this interrogator has low acquisition frequency (2 Hz), which is unsuitable for the proposed application. For 
this reason, for the tests with the proposed sensors, the spectrometer I-MON 512 (Ibsen Photonics, Denmark) 
was used. In this case, the peak detection is made through a Gaussian fit on the spectra and the peaks are 
identified after setting a threshold. In addition, it is also possible to change the integration time of the device, 
which can act as a low pass filter for the spectra, reducing the side lobes of the spectra that makes the single 
peak detection easier. Although there are few distortions on the spectrum when the transverse force is applied 
due to birefringence and polarization effects, the spectrum moves in unison as shown in Figure 6-41(a) for a 
transverse force of 40 N on FBG 1. Thus, applying the aforementioned methodology a single peak was detected 
for each FBG at about 1550 nm for FBG 1 and 1560 nm for FBG 2. The picture of the exoskeleton’s support 
(that will be positioned on the user’s shank region) following the FBGs array embedment is shown in Figure 
6-41(b), where each FBG (FBG 1 and FBG 2) from the array is embedded in each shank support (shank support 






Figure 6-40 (a) Block diagram of the proposed method for 3D-printed, FBG-embedded flexible support fabrication. (b) 





Figure 6-41 (a) Reflected spectrum of the FBG array without applied force and after a transverse force application 40 N. 
(b) Picture of the fabricated flexible shank supports with embedded FBGs (without the elastic bands). Figure inset 
shows the schematic representation of the fiber connectorization method (further discussed in Section 5.2). 
6.4.1.2. Experimental Setup 
For a FBG sensor the shift in the Bragg wavelength is correlated with the measured parameter. As well-
known, FBGs are inherently sensitive to temperature and strain variations. However, other physical parameters 
that influence the strain or temperature variations in the fiber also result in the wavelength shift. One of these 
parameters is the force, which leads to a stress on the fiber that is related to the strain through the well-known 
Hooke’s law as discussed in Section 5.4 and 5.5. 
The theoretical background (depicted in previous sections) has led to the development of the 
characterization methodology for the FBG-embedded force sensors, for which the sensors are characterized 
with respect to force, temperature and the simultaneous variation of both parameters. One may now evaluate 
the force sensitivity variation as a function of temperature and enable the compensation of the temperature’s 
influence on the sensor force response. The polymer response under a constant stress or strain is characterized 
by a creep (or recovery) that is described as a time-dependent viscous deformation when loading is applied 
[59]. An exponential regression was applied on the creep response, which was compensated by dividing the 
sensor response to the characterized time constant. It is worth to mention that the transverse force applied on 
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the FBG also leads to birefringence and polarization effects, which causes a polarization dependent loss that 
increases linearly with the transverse force. Even though this principle was used on the development of 
transverse force sensors [186], we considered only the wavelength shift caused by the applied force as shown 
in previous reported works for pressure [50] and force [212] sensors based on FBGs and described in 
Sections 5.3 and 5.4.  
Following the characterization and validation of each FBG, the 3D-printed, FBG-embedded flexible 
support (as shown in Figure 6-41(b)) is positioned as the shank supports of a lower limb exoskeleton for knee 
rehabilitation, as is well shown in Figure 6-42. The supports are positioned such that when the flexion cycle is 
made, the highest force is applied to shank support 1, whereas, in the extension cycle shank support 2 is 
subjected to the highest force. In addition, the configuration of the shank supports showed in Figure 6-42 
provides higher stability for the user’s leg during the rehabilitation exercise. Moreover, the support flexibility 
provides comfort for the user. Regarding the exoskeleton structure, it is placed on a chair as shown in Figure 
6-42, where a DC motor with a harmonic drive is responsible for the control of the flexion/extension 
movements. A thigh support is used to position and align the user’s thigh and the robot structure, whereas the 
proposed 3D-printed flexible supports are placed on the user’s shank. For the tests with the exoskeleton, 
sequential flexion/extension cycles are performed and the response of each FBG is acquired by the FBG 
spectrometer I-MON 512 (Ibsen Photonics, Denmark) for a 10-kHz acquisition frequency. Furthermore, the 
exoskeleton provides three sets of rehabilitation exercises: active assisted, active resistant and passive 
movements. In the active assisted movement, the exoskeleton motor helps the user on the flexion/extension 
movements’ task, whereas the opposite occurs in the active resistant mode, i.e. the impedance of the robot 
increases the difficulty in movement. The last, passive operation mode (and the one used in the validation tests) 
may be regarded as an intermediate operation mode, where the motor does not provide any assistance or 
difficulty for movement. Thus, the impedance in the flexion/extension cycles are due to friction and back-
drivability of the wearable robot. 
 
Figure 6-42 Exoskeleton for knee rehabilitation exercises with the 3d-printed flexible supports positioned on the shank 
region. 
6.4.1.3. Results and Discussion 
A block diagram with the approach for obtaining the calibration equation of each sensor as well as the 
equation for the estimation of the compensated force (for each FBG) is depicted in Figure 6-43, where τ1 and 
τ2 are the time constants for FBG 1 and 2, respectively. The results obtained in the characterization are 
presented and discussed in Appendix H, since the methods and experiments performed are similar to the ones 
already presented in 0. 
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Figure 6-43 Block diagram of the force estimation for FBGs 1 and 2 with compensation of creep and temperature 
effects.  
In order to validate the sensor, additional tests were made under different temperatures and applied forces 
on both FBGs 1 and 2 as is shown in Figure 6-44. In this validation, 7 tests were made with different forces 
and temperatures, where tests 1 to 3 were made at room temperature (25°C). The temperature was increased 
to 35°C and tests 4 and 5 were performed, whereas the tests 6 and 7 were made at 45°C. The forces applied 
for each test are shown in Figure 6-44 as the ‘reference’ for each test, which are compared with the responses 
of FBGs 1 and 2. The comparison shows a RMSE of ~ 0.50 N for FBG 1 and ~2.29 N for FBG 2. The reason 
for the higher RMSE for FBG 2 is the lower sensor linearity, as presented in the characterization tests, which 
leads to higher errors in the force estimation when the linear regression is made. Nevertheless, the relative 
error for FBG 2 (considering the whole force range of the test) is 4.5%, which is within the accuracy range of 
some conventional technologies for exoskeleton instrumentation [6], but with the additional advantages of 
electromagnetic fields immunity, compactness, flexibility and multiplexing capabilities. In the case of FBG 1, 
the errors are even lower, since a relative error of 1.0% was obtained, where such low error shows the 
possibility of achieving POF sensors with greater accuracy than the conventional technologies for robotic 
instrumentation. It is worth to mention that such low errors are obtained by the combination of the different 
characterization tests performed, which results in an equation that compensates different aspects of the sensor 
response, i.e. temperature cross-sensitivities and creep response are obtained. Thus, it is expected that the 
results presented in Figure 6-44 with the compensation equations will present lower errors than the ones 
obtained in the characterization tests, where none of the compensation equations were applied.  
Following the sensors’ characterization and validation, they are positioned on the exoskeleton (see Figure 
6-42) for the application as sensors for human-robot interaction forces, where the user is positioned on the 
chair with the thigh and shank supports attached. The user is asked to perform flexion and extension cycles. 
The results for 5 flexion/extension cycles are presented in Figure 6-45, where Figure 6-45(a) shows the 
response of FBGs 1 and 2 and Figure 6-45(b) presents the estimated force using the equations presented on 
the block diagram of Figure 6-43.  The response of FBG 2 is inverted, aiming to clarify the phase difference 
between both sensors, where the FBG 1 (shank support 1) is activated at extension movements, whereas FBG 
2 (shank support 2) shows wavelength shift when the flexion cycle occurs. Regarding the force estimation 
presented in Figure 6-45(b), the extension cycles present similar behavior with the measured forces between 
10 N and 15 N, which is similar to results previously obtained with electronic and optical fiber sensors [28]. 
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Figure 6-44 Validation tests for FBGs 1 and 2 at different forces and temperatures, where tests 1-3 were made at 25°C, 
4 and 5 at 35°C and the remainder (6 and 7) at 45°C. 
Additionally, the human-robot interaction forces in flexion cycles have higher variation, where the user 
applies more force in the exoskeleton, as the test progressed. This behavior is related to variations of the user 
interaction with the exoskeleton that generally varies between different users. Nevertheless, such increase, in 
the interaction forces as the test occurs, was also verified in previous work [28]. Thus, the tests with the FBG-
embedded shank supports attached to the exoskeleton have showed the feasibility of the proposed approach on 
the human-robot interaction forces assessment. For this reason, the 3D-printed FBG-embedded supports can 
be regarded as a viable option not only for the monitoring and validation of control techniques for the 
minimization of human-robot interaction forces [213], but also in the instrumentation of soft robotics wearable 
devices [30].  
 
(a)                                                                               (b) 
Figure 6-45 (a) Responses of the FBGs embedded in shank support 1 and 2 for extension (FBG 1) and flexion (FBG 2) 
cycles. (b) Human-robot interaction force measurement with the FBG-embedded, 3D-printed flexible supports. 
6.4.2. FBG Array Application in a SEA’s Spring 
Considering the advantages of POF sensors in conjunction with the possibility of inscribing long arrays in 
commercially available POFs, this section presents the instrumentation of the SEA’s spring designed in [9] 
with two FBG arrays in CYTOP fibers, were each sensor array has 4 FBGs. Thus, 8 FBGs are distributed on 
the spring, enabling a multi-point strain measurement on the spring. This configuration results in three 
advantageous features there will be further explored: (i) shape reconstruction of the spring under deformation, 
(ii) more accurate torque estimation using sensor fusion algorithms such as Kalman filters and (iii) 
identification and rejection of mechanical disturbances caused by arbitrary external loadings. The sensor 
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operation and the spring deflection under different loadings are estimated through a numerical analysis using 
the finite element method (FEM) and confirmed in an experimental analysis. 
6.4.2.1. Experimental Setup and Methods 
The FBGs were positioned on the spring as is shown in Figure 6-46, where a lever is positioned in the 
spring output shaft for the application of predefined displacements and torques. The fiber is fixed on the spring 
by means of 3D-printed supports placed between the FBGs and thermoplastic glue. The spring is fixed in a 
base, which is positioned on a fixed support to limit the flexion and extension movements to only one plane 
(as depicted in Section 6.2). The spring has a linear behavior in torques lower than 30 Nm with stiffness 
constant of 92 Nm/rad for flexion and 96 Nm/rad for extension, as characterized in [9], which enables the 
torque estimation through the spring angular deflection.  
 
Figure 6-46 Front view of the spring with the FBG sensors positions. 
A numerical analysis is made as shown in Appendix I on the spring to evaluate its deflection with different 
torques and the strain distribution when a transverse force is applied on arbitrary points of the spring. Then, 
experimental evaluation is performed in which three different flexion and extension displacements are applied 
on the spring using the lever connected to the spring shaft (see Figure 6-46). In addition, transverse forces are 
applied on the spring to evaluate the FBG sensors of identifying these forces and discriminate it from the 
flexion and extension displacements. In order to obtain a reliable measurement of the flexion and extension on 
the spring, the Kalman filter is applied on the response of the FBGs array using the known displacements 
applied on the spring as a reference for the filter estimation. 
The Kalman filter is a recursive filter that estimates the state of a system from a series of measurements. 
In this way, the measurements of each sensor and the reference are used to generate an estimate of the 
measurements of the system. This estimate has a lower error than the measurement of each sensor analyzed 
separately [214]. The filter uses a procedure that can be compared to a definition of weights of the sensors. 
The sensor that presents lower errors have higher weight in the estimation of the state than sensor with higher 
uncertainty. The defined weights are, in fact, the covariance of each sensor. The lower the covariance the 
higher the weight of the result obtained by the sensor in the final estimation [215]. Kalman filter is employed 
in sensor fusion due its simplicity and ease of implementation and optimization [215]. Detailed description, 
modelling and applications of the Kalman filter can be found in [216]. If the system is in state space, the 
prediction is made through Eq. 6.11 and 6.12; and updated through Eq. 6.13, 6.14 and 6.15. 
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where A and C are the transition matrices of state (at time k) and observability, respectively, which have unitary 
values in this case, since, presumably, the sensor does not alter the system dynamics. G is the Kalman gain, P 
is the covariance matrix, zk is the measured signal, R is the sensors covariance, I is the identity matrix and kkx \ˆ  
is the estimated state at time k given observations up to and including at time k.  
6.4.2.2. Experimental Analysis 
The arrays in the CYTOP fiber were inscribed with the direct-write, plane-by-plane method using the fs 
laser as discussed in Section 5.2 and two arrays with 4 FBGs each were inscribed. In order to characterize the 
strain response of the FBGs, the sensors were positioned in a linear translation stage and strains on the range 
of 0 to 2000 με were applied at each FBG. The mean and standard deviation of the sensors’ responses are 
shown in Figure 6-47, where the mean and standard deviation of sensors sensitivities are 1.8±0.2 pm/με. 
 
Figure 6-47 Mean and standard deviation of the FBGs responses as a function of the applied strain. 
 As shown in Appendix I, the deformation at each region of the spring is different. Thus, each FBG will 
be subjected to different strains. In order to compare the simulated and experimental results, a constant 
displacement of 0.2 rad is applied on the spring at the clockwise direction (flexion), which results in a torque 
of about 18.4 Nm considering the spring stiffness of 92 Nm/rad [9].  
Figure 6-48 shows the obtained wavelength shift for each FBG at a constant torque, where the experimental 
results obtained from the FBGs wavelength shift are compared with the strain obtained in the simulations in 
the region of each FBG (see Appendix I). Since the increase of the strain leads to an increase of the FBGs 
wavelength shift, the results of Figure 6-48(a) show that the FBGs present similar behavior when compared to 
the one predicted by the numerical analysis. It also indicates the possibility of using the response of each FBG 
for the shape reconstruction of the spring under flexion and extension as shown in Figure 6-48(b), where a 
colormap with the wavelength shift of each respective FBG is placed on the spring at the region where the 
wavelength shift was measured. As the FBGs have similar strain responses, shown in Appendix I, the spring 
shape with the deformation at each of the 8 points can be estimated from the wavelength shift of the FBGs. 
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(a)             (b) 
Figure 6-48 (a) Wavelength shift for the 8 FBGs and simulated strain on the region of each FBG. (b) Wavelength shift 
at each region of the spring as a tool for shape reconstruction of the device under deformation. 
The behavior of each FBG inscribed in POF is evaluated under different flexion and extension torques, 
where extension torques are negative and the flexion ones have the positive signal. Figure 6-49 shows the 
response of the 8 FBGs, individually, where each sensor has similar behavior when compared to both the 
simulated and experimental results shown in Figure 6-48(a) at about 18 Nm. Thus, the FBG 6 shows the highest 
variation, followed by FBG 3, whereas FBGs 1, 2 and 8 presented the lowest wavelength shift, which is strictly 
related to their positioning on the rotary spring.  
In addition, Figure 6-49 shows a linear relation between each FBG and the applied torque, where each 
FBG has its own linear regression equation depending on its position on the rotary spring. The linear regression 
terms (a and b) of FBGs 1 to 8 as a function of the torque is presented in Table 6-4. It is worth to mention that 
each equation has the type shown in Eq. 6.16, where T is the torque and Δλ is the wavelength shift. Furthermore, 
by isolating the T term in Eq. 6.16, it is possible to obtain the torque estimated by each FBG sensor. In this 
way, the estimated responses of the FBGs are compared with the applied torque and the RMSE between the 
estimated and applied torques are also shown in Table 6-4 for each FBG. 
baT  .           (6.16) 
The RMSEs shown in Table 6-4 are related to nonlinearities on the linear regression of each FBG. As 
depicted in Figure 6-49, FBG 3 shows the lowest R2 with the linear regression due to nonlinearities on the 
sensor behavior. Thus, FBG 3 also showed the highest RMSE when the estimated torque is compared to the 
applied one. In the other FBGs, the RMSE was about 1.0 Nm and the R2 of these sensors were higher than 
0.99 (see Figure 6-49), which can be regarded as low errors if the whole tested torque range is considered. 
Considering all 8 FBGs, the mean RMSE is 1.39±0.73 Nm, which represents a relative error of about 4.2% 
when the whole torque range (about 32 Nm) is evaluated.  
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Figure 6-49 FBGs responses as a function of the applied torque on the spring. 
Table 6-4 Linear regression and torque response of each FBG. 
FBG a (nm/Nm) b (nm) RMSE (Nm) 
1 3.4×10-3 1.1×10-2 1.37 
2 5.0×10-3 -1.6×10-3 1.24 
3 4.3×10-2 1.1×10-1 3.14 
4 1.8×10-2 4.0×10-3 0.87 
5 2.1×10-2 -1.7×10-2 1.16 
6 8.8×10-2 -1.5×10-1 1.29 
7 2.7×10-2 -6.0×10-3 0.89 
8 6.5×10-3 -9.3×10-3 1.10 
However, there are 8 sensors providing the same information, i.e., flexion/extension torque on the rotary 
spring. For this reason, it is possible to apply sensor fusion algorithms in the sensors responses in order to 
obtain a more accurate measurement. Therefore, the Kalman filter is applied on the sensors’ responses. The 
filter’s parameters are estimated recursively by comparing the sensor response after the sensor fusion with the 
reference torque in order to obtain the lowest possible error for the sensors. In this case, the covariance of each 
sensor (R1-8) is obtained based on the error of each sensor, where the lower errors resulted in lower covariance 
values as depicted in Figure 6-50. The FBGs torque estimation after the sensor fusion is shown in Figure 6-50, 
where the applied torque is compared with the estimated one (with the fusion of the 8 FBG sensors).  
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Figure 6-50 Torque estimated after the sensor fusion between 8 FBGs compared with the applied torque. The RMSE 
and covariance matrix values are also presented. 
Regarding the results of Figure 6-50, there is a substantial decrease on the sensor RMSE when compared 
to the applied torque, which is also related to the increase of the sensor linearity (R2=0.999). Comparing to the 
results shown in Table 6-4, there is a seven-fold decrease of the sensor’s RMSE, which leads to a much more 
accurate measurement of the torque applied on the spring. In addition, if the whole torque range is considered, 
the sensor’s response after the application of the Kalman filter is only 0.59%. These results show the feasibility 
of applying a FBGs array in conjunction with sensor fusion techniques on the spring to obtain highly accurate 
and reliable sensor systems. It is worth to mention that using a higher number of sensors can result in even 
lower errors on the torque assessment. On the other hand, it is also possible to use a lower number of sensors 
and obtain acceptable errors on the torque estimation. 
However, the quasi-distributed measurements on the spring brings another advantageous feature for the 
sensor system, which is the possibility of rejecting external mechanical disturbances on the spring. Since it is 
possible to estimate the strain at each point of the spring, one can estimate if a given deflection on the spring 
is due to the flexion/extension torques or due to transverse forces on the spring, which are regarded as 
mechanical disturbances. In order to verify this assumption, arbitrary loads are applied in 5 points of the spring 
as shown in Figure 6-51(a) and the wavelength shift of each FBG is presented in the tool for spring shape 
reconstruction for 2 cases.  Moreover, all the transverse force conditions and flexion/extension torques are 
shown in Figure 6-51(b). 
In Figure 6-51, all 5 analyzed cases have shown an increase of the wavelength shift on the FBGs close to 
the point of transverse force application. As expected, the shift was higher on FBGs 3 and 6, since these sensors 
are positioned on the region of highest strain on the spring, as predicted by the numerical simulation and 
confirmed in the experimental analysis. As shown in Figure 6-47 and Figure 6-49, the response of each FBG 
is linear (see Figure 6-49 and Figure 6-50), which means that the response of the sensors follows a well-defined 
pattern when only flexion and extension are applied on the spring. Hence, a simple and straightforward manner 
to identify external disturbances on the spring is by comparing the strain distribution (from the wavelength 
shift of all FBGs) on the spring at a given loading condition with a reference strain condition. The reference 






Figure 6-51 (a) Force application points and wavelength shift at each region of the spring at 2 transverse force cases. (b) 
Wavelength shift of each FBG at flexion/extension torques and transverse force conditions. 
6.4.3. FBG Array on Multiparameter Measurements in Smart Walker 
The aforementioned advantages of POFs for healthcare devices instrumentation in conjunction with the 
advantageous optical features of CYTOPs (which not only is widely commercially available, but also enable 
the application of commercial FBG interrogators and off-the-shelf optical components in the 1550 nm 
wavelength region) open up new routes on the instrumentation of healthcare devices. Thereby, this section 
presents the characterization and application of a POFBGs array in CYTOP fibers on the instrumentation of a 
SW. The application of the POFBG arrays in a SW is evaluated for four different functionalities: (i) SHM of 
the healthcare device, (ii) detection of the user’s movement intention, (iii) estimation of the user’s gait cadence 
and (iv) possibility of aid on the mapping of structured environment using the frequency response of the FBGs 
array. 
6.4.3.1. FBG Array Characterizations 
As a first step on the FBG sensors implementation for the SW instrumentation, a FEM analysis is performed 
on the SW structure for different loading conditions on the support bar (see Figure 6-52), since it is the element 
subjected to the highest stress when loadings are applied on the region at which the users’ arms are positioned. 
Two loading conditions are considered in the simulations, one with constant forces of 1 kN in z-axis 
(considering the axes shown in Figure 6-52(a)) applied on the support bar in order to simulate the stress on the 
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structure when the SW is supporting the user’s weight. The other loading condition considers the case where 
the user is making a turn with the SW. In this case, there is a constant loading in y-axis of 150 N in the right 
side of the support bar, whereas a 50 N loading (also in y-axis) is applied on the left side of the bar. The stress 
distribution for both scenarios shows a higher stress in the vertical bars (region A), where there are stress 
concentrations on the regions in which the support bar is bended (region B). In addition, region C is the one at 
which the minimum stress occurs, which is expected since this region is fixed to a center bar (see Section 6.2) 
inhibiting a high strain in this area. If the forces are applied on z-axis, there is the same strain distribution on 
regions A and D. In contrast, when the force is applied on y-axis, the stress on regions A and D occurs in 
different directions, where one region will be subjected to compression and the other to extension, depending 
on the direction of the force. Figure 6-52(b) shows the positions of each FBG sensor in the SW’s support bar. 
These positions were chosen based on the stress/strain distribution on the SW obtained on the numerical 
simulation, as shown in Figure 6-52(a). Two FBGs (FBGs 1 and 2) are positioned on region A and two on 
region D (FBGs 4 and 5), which are the regions with the highest strain variation when a force is applied on the 
SW structure. Thus, the FBGs in these regions are able to detect the strain and their variations related to the 
user’s movement intention, which applies different loading conditions on the SW depending on the performed 
movement (forward, make turns and stop the device). Furthermore, FBG 3 is positioned on region C (due to 






Figure 6-52 (a) Finite element analysis on the SW’s support bar for two loading conditions: forces applied only on y-
axis and forces applied on z-axis. (b) Positions of the FBGs on the SW structure. 
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The reflected spectra of the 5-FBG array inscribed in CYTOP fiber is shown in Figure 6-53(a), where the 
spectrum for the FBGs under axial strain is also presented in order to demonstrate the spectral variations of 
the array under a strain condition. The spectrum of Figure 6-53(a) was recovered using a sm125 FBG 
interrogator (Micron Optics, USA) after the connectorization of the CYTOP array in a single mode fiber 
(SMF). However, this interrogator has low acquisition frequency (2 Hz), which inhibit its application for 
dynamic measurements (such as the ones proposed on the SW) and the same approach presented in Section 
6.4.1 was used. The strain response of the FBGs inscribed in CYTOP is presented in Figure 6-53(c), where all 
4 FBGs have similar response to strain (strain sensitivity of 1.57±0.15 pm/με). In addition, the temperature 
response of FBG 3 is shown in Figure 6-53(d), where a temperature sensitivity of 20.17 pm/°C was obtained. 
In order to verify the FBGs capabilities of detecting the frequency of an oscillatory movement, dynamic 
displacements with three different frequencies (three tests at each frequency) – f1, f2 and f3, namely 0.5 Hz, 
1.5 Hz and 3.5 Hz, respectively, where similar strain amplitude (about 750 με) are applied on the POFs in all 
tests. The wavelength shift for the FBG at each frequency is shown in Figure 6-53(e), where the solid line is 
the mean from all three tests at a given frequency, whereas the shaded line is the standard deviation (comparing 
all three tests at each angular velocity). The frequency response of the FBG is depicted in Figure 6-53(f), where 
the sensors capabilities of detecting different frequencies (within the tested range), with low deviations when 
comparing with the applied frequencies, are shown.  
 
(a)             (b) 
 
(c)              (d) 
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(e)             (f) 
Figure 6-53 (a) FBGs array spectrum recovered in Micron Optics sm 125 FBG interrogator after the POF 
connectorization and after the application of an axial strain on the fiber. (b) FBGs array spectrum obtained in I-MON 
512 spectrometer used on the sensors characterization and implementation on the SW. (c) Wavelength shift as a 
function of the strain for FBGs 1, 2, 4 and 5. (d) Temperature response for FBG 3. (e) Wavelength shift of FBG 1 under 
oscillatory loadings at 3 different frequencies (0.5 Hz, 1.5 Hz and 3.5 Hz), where the solid line is the mean and the 
shaded line is the standard deviation of three tests performed at each frequency. (f) FBG response in the frequency 
domain for each dynamic test. 
6.4.3.2. Results 
After the characterization of the material properties and sensors’ responses, the FBGs array is positioned on 
the SW (as shown in Figure 6-52(b)). In the first test, the user is asked to make the path presented in Figure 
6-54(a), which includes right and left curves as well as commands for forward movement and to stop the 
healthcare device. The path on x and y directions as a function of time is depicted in Figure 6-54(b). Then, the 
responses of FBGs 1 and 2 are compared with the y-axis of the force sensor placed on the SW’s right handle 
as shown in Figure 6-54(c). Similarly, FBGs 4 and 5 are compared with the y-axis of the force sensor on the 
SW’s left handle in Figure 6-54(d), where all tested FBGs showed similar responses when compared with the 
force sensors used as references for the SW’s commands. In addition, Figure 6-54(e) presents the wavelength 
variations of FBG 3 during the entire test, where it can be seen only minor deviations of the wavelength. In 
the red curve of Figure 6-54(e), the temperature estimation is presented using the linear regression for 
temperature response of FBG 3 (see Figure 6-53(d)). It is noteworthy that the temperature estimated by FBG 
3 (27.4°C) is similar to the room temperature where the tests were performed (27°C – obtained with 
commercial thermometers).  
 
(a)             (b) 
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(c)                        (d) 
 
(e) 
Figure 6-54 (a) Path performed by the user (x and y directions) in the FBGs array implementation tests. (b) Temporal 
variation of the x and y directions of the path. (c) Comparison between FBGs 1 and 2 with y-axis of the force sensor 
placed on the SW’s right handle. (d) Comparison between FBGs 4 and 5 with y-axis of the force sensor placed on the 
SW’s left handle. (e) Temperature response and wavelength shift of FBG 3 during the test. 
In the last set of tests, the user is asked to walk (with the SW) in a straight line at three different floor 
conditions. In the first condition (Figure 6-55a)), the test is made on a smooth floor, then, the roughness of the 
terrain at which the tests occur were increased for both floor conditions 2 and 3 shown in Figure 6-55(b) and 
(c), respectively. In these cases, the sensors’ responses are analyzed in the frequency domain were a FFT is 
applied on each signal. The FBG responses have frequencies’ peaks at two regions: a) one at frequencies 
between 0.5 Hz and 1.5 Hz related to the gait cadence, since the gait is an oscillatory movement with 
predetermined frequency [155] and the other, b) in frequencies higher than 2 Hz, where the latter is due to the 
floor-induced vibrations on the SW structure. Thus, the tests performed in a rough terrain e.g. floor condition 
3 will present peaks in higher frequencies than the ones made in smoother floor, such as the floor condition 1. 
Thereby, a second order Butterworth low pass filter (cutoff frequency at 1.8 Hz) is applied to obtain the gait 
cadence from the FBGs, whereas a high pass filter with cutoff frequency at 2 Hz is employed to estimate the 
vibration frequency induced by the floor. As depicted in Figure 6-55, the frequencies obtained from the FBGs 
array are compared to the ones measured by the SW’s sensors, where the LRF is commonly employed for the 
gait cadence estimation [195]. An accelerometer of the IMU placed on the center tube of the SW is employed 
on the measurements of the floor-induced vibrations. 
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(a)              (b) 
 
(c) 
Figure 6-55 (a) FBGs array, LRF and accelerometer responses in the frequency domain for floor condition 1. (b) FBGs 
array, LRF and accelerometer responses in the frequency domain for floor condition 2. (c) FBGs array, LRF and 
accelerometer responses in the frequency domain for floor condition 3. 
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6.4.3.3. Discussion 
In the continuous quest of developing novel healthcare devices with high battery autonomy, compact and 
affordable for the general population, this sub-section reported the development, characterization and 
implementation of FBG-based sensor systems for multiparameter monitoring in a SW. The FBGs were 
inscribed in a CYTOP fiber using an fs laser through the direct write plane-by-plane inscription method. The 
CYTOP fiber combines the POF material features desired for sensing mechanical parameters, due to the low 
Young’s modulus and higher strain limits, with the low losses in the 1550 nm wavelength region, which is the 
region of the majority commercial interrogators. In addition, CYTOPs are widely available commercially and, 
thus, the sensor system does not need microstructured or specialty doped fibers commonly reported on FBG 
inscription in POFs[68], [142], [217]. The FBG inscription using an fs laser operating at 517 nm fills a gap on 
POFBG inscription as the UV lasers commonly employed in gratings inscription are not suitable for FBG 
inscription in such fibers due to their high UV resistance. As the CYTOP fibers have multimode operation, the 
direct write plane-by-plane inscription method results in a single-peak FBG even in multimode fibers by 
controlling the mode excitation, since, due to the mechanisms involved in the grating inscription with the fs 
laser, it is possible to limit the grating planes inscription to a predefined part of the fiber core.  
Thus, a 5-FBG array is inscribed according to the positions in which there are the highest and lowest stresses, 
obtained through FEM numerical analysis. Thereafter, all FBGs of the array are characterized with respect to 
strain, temperature and frequency of oscillatory movements. FBG 3 is positioned on a region of SW where 
there is negligible stress/strain in order to measure the temperature without the influence of mechanical 
loadings. The temperature assessment is necessary for any sensor application with FBGs, since the Bragg 
wavelength is temperature-dependent and is particularly important on FBGs inscribed in POFs, since the fiber 
material properties change with temperature, which need to be assessed and compensated in applications where 
the temperature variation is critical [197]. Furthermore, the tests with dynamic strain in different frequencies 
show not only the capability of the FBG on detecting those frequencies (errors of about 1%), but also the high 
repeatability of the sensor. The deviation between three tests at each frequency shown in the shaded line of 
Figure 6-53(e) is lower than 0.05 for f1 and negligible for f2 and f3 (as defined in Figure 6-53). Regarding the 
strain characterization performed with FBGs 1, 2, 4 and 5, all sensors presented linear behavior, where a R2 
higher than 0.99 was obtained in all analyzed cases. The FBGs capability of performing reliable strain 
measurements show the possibility of applying the FBGs array for SHM in the SW, which is an important 
parameter on this healthcare device, since the SW generally has to support most of the users’ weight when it 
is in use. Thus, the SHM plays a crucial role in this application, as the possibility of structural collapse of 
healthcare devices while it is in use is a major concern. In addition, from the best knowledge, none of the SWs 
have a sensor system for SHM and the absence of structural monitoring can result in major accidents or 
unwanted risks for the users.  
In order to assess additional functionalities of the proposed FBGs array on the SW instrumentation, two sets 
of tests were made. In the first test, the user follows a predetermined path, which includes left and right turns, 
stop and forward movements, whilst the responses of FBGs 1, 2, 4 and 5 are compared with the ones of the 
force sensors in the SW’s left and right handles. The data analysis showed a R2 of about 0.97 when FBGs 1 
and 2 are compared with the force sensor in the right handle. Similarly, the R2 for FBGs 4 and 5 compared 
with the force sensor in the left handle is about 0.93. In both cases, the calculated R2 shows good agreement 
between the force sensors and FBGs array, which proves the feasibility of the second functionality of the FBGs 
array, i.e, detecting the users movement intention, commonly used in control strategies for human-robot 
interaction [195]. Then, in the second set of tests, there is the assessment of the FBGs array as a tool for 
estimating the gait cadence and on the aid of the simultaneous localization and mapping techniques in 
structured environments (such as the one proposed in Figure 6-56) by means of identifying floor-induced 
vibrations in different floor conditions. In these tests, the proposed sensor system showed an error of about 5% 
for the gait cadence estimation and 3.4% for measurement of floor-induced vibrations. Moreover, the 
determination of floor-induced vibrations and gait cadence can be made using adaptive filtering with additional 
possibilities of using classifiers or machine learning approaches in order to obtain and classify the sensors 
responses according to each functionality. 
Considering all the functionalities the FBGs array can substitute many of the sensors used on SW 
instrumentation, including force sensors, LRF (for legs detection) and accelerometers, which result in a much 
more compact system, since all these sensors are substituted to a single piece a POF. In addition, the 
substitution of the aforementioned sensors to a POF also reduces the cost of the sensor system, since all the 
sensors are integrated in the same fiber, which only needs a light source, optical circulator and spectrometer, 
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instead of two 3D force sensors and LRF that can be very expensive (the cost of a single 3D force sensors is 
similar to a commercial FBG interrogator). As the sensor system is based on a passive optical component, the 
use of FBG arrays also results in lower power consumption for the sensor system, where the only elements 
that require power consumption are the spectrometer and light source (maximum consumption of 400 mA 
each), whereas the sensor system used for comparison has a consumption of about 1200 mAh. It is worth to 
mention that the power consumption of 1200 mAh considers the whole system (sensors and CPU board for 
sensors signals acquisition). Figure 6-56 summarizes the implementation and functionalities of the FBGs array 
on SW instrumentation. In this case, there is also the sensory information sent cloud for remote health 
monitoring applications and for cloud robotics, as the control commands for the SW can be received through 
the cloud using a secured connection [198] considering the data regarding the SHM of the walker, the 
localization of the healthcare device as well as gait cadence and movement intention of the user. For the many 
functionalities analyzed and foregoing the advantages of using FBGs arrays on the instrumentation of 
healthcare devices, one can envisage the widespread of these sensor approaches in novel remote health 
monitoring and cloud robotics applications. 
 
Figure 6-56 Schematic representation of the SW implementation in a structured environment using the proposed FBG 
array for instrumentation of healthcare devices. 
6.5. Final Remarks 
This Chapter has presented applications of POF sensors (intensity variation- and FBG-based) in healthcare 
devices, namely a lower limb exoskeleton, a SEA and a smart walker. In addition, an insole for movement 
analysis was also proposed.  
The sensors proposed in Chapter 4 enable the plethora of applications in healthcare devices shown in 
Section 6.2, which cover from instrumented insoles through SW’s instrumentation with many applications in 
robotic exoskeletons, orthosis and even in FES systems. In addition, the reliable FBG sensors proposed in 
Chapter 5 were applied on the ALLOR for human-robot interaction force assessment by means of embedding 
a FBGs array in flexible structures, which shows an advantage of POFs for sensors applications, since it can 
be easily embedded in different structures using readily available 3D printing techniques. The application of 
the FBGs array in the SEA’s spring shows the complementary advantages of this sensing technology as it was 
possible to obtain a quasi-distributed measurement on the device using a compact sensor. This application also 
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enables novel functionalities for the instrumentation system, since it was possible to obtain reliable 
measurements through the sensor fusion between the 8 FBGs positioned on the spring, shape reconstruction 
of the actuator under flexion/extension and rejection of mechanical disturbances on the actuator that can harm 
its control. Finally, the SW instrumentation via FBGs array shows advantageous features, since it can provide 
a multiparameter sensing using a single piece of CYTOP fiber. In this analysis, it was possible to measure the 
strain on the SW’s mechanical structure, detection of the user’s movement intentions, temperature 
measurements, gait cadence and also was possible to provide a localization and mapping in a structured 
environment. Thus, a single FBG array was able to obtain the functionalities of almost all sensors in the SW, 
since, in this device, the gait cadence is estimated with the LRF, the movement intention with two 3D force 





























Chapter 7. Conclusions and Future Works 
7.1. Summary 
 The goal of this Thesis was to provide novel instrumentation approaches for healthcare devices, especially 
gait assistance devices, using POF sensors. The motivation of this work (as described in Chapter 1) is some of 
the limitations of conventional electronic sensors, which include electromagnetic sensitivity, necessity of 
precise assemblies (increasing the system’s complexity and weight) and, in most cases, the inability of being 
embedded or positioned in flexible structures. These disadvantages are undesirable for the rigid robots used in 
the sensors validation of this Thesis and specially undesirable for soft robotics, where the robots’ structures 
and actuators are made with flexible materials, which is a trend on wearable systems [31] and assistive devices 
[54]. Thus, the proposed sensors are compared with the electronic ones in their best operation conditions 
(precisely assembled and aligned in rigid structures), where the electronic sensors present high accuracy and 
can be used as a reference for the comparison with the proposed POF sensors. In this way, another contribution 
of this work is to show that the POF-based sensors present low errors when compared with electronic sensors 
in their best conditions for operation. Nevertheless, as mentioned above, POF sensors can also be applied in 
flexible structures in which potentiometers and encoders cannot be employed with the same precision. In this 
case, intensity variation-based POF sensors were used due to: (i) their low cost (in some cases, even lower than 
the ones of electronic sensors for the same performance), (ii) ease of implementation, since the sensor system 
only needs low cost LEDs and photodetectors; and (iii) simplicity on the signal processing, since the only 
acquired signals are the analog response of the sensors. Furthermore, as the advances of grating inscription in 
POFs as well as novel portable and low relative cost FBG interrogators occur, FBG sensors were also explored 
in this Thesis taking advantages of the high multiplexing capabilities and wavelength-encoded data. The later 
offers a crucial advantage (especially when compared with intensity variation-based sensors) as the data is an 
absolute quantity and immune to light source power deviations. 
 In order to achieve the mentioned goals, first, a theoretical background and state of the art review of both 
intensity variation-based POF sensors and POFBG sensors are presented in Chapter 2. In addition, the 
fundamentals and overview of optical fibers, particularly POFs, are also depicted in this Chapter. Then, the 
robotic devices used on the sensors’ applications are described. Thus, Chapter 2 provides the knowledge 
required for the developments proposed in the following chapters. 
 Then, in Chapter 3, the dynamic characterization of POF materials is presented, where the materials 
characterized are PMMA (for intensity variation-based sensors) and CYTOP (for FBG sensors). This Chapter 
is the cornerstone of the works is presented in the remainder of the Thesis, since Chapter 3 presents the 
foundation of all the compensation techniques for enhancing or even creating the innovative sensors presented 
in Chapter 4 and Chapter 5. In this case, creep response, temperature and frequency dependency as well as 
humidity dependency of PMMA complex modulus are thoroughly discussed. Moreover, the assumptions of 
material-related hysteresis in POF sensors are also confirmed by means of sequential stress-strain cycles. 
Another contribution of this chapter is on the characterization of the CYTOP fibers with and without FBGs, 
which not only serves as basis for the development of the FBG sensors in Chapter 5, but also indicates the 
advantages of the fs laser inscription as the FBG inscription with this method only leads to minor deviations 
on material properties (unlike the FBG inscription using CW or nanosecond UV lasers [142]). 
 In Chapter 4, the development of intensity variation-based sensors is presented. Firstly, using the 
background provided by Chapter 3, compensation techniques for undesirable effects (hysteresis and 
nonlinearities) of POF sensors are proposed and validated. It is noteworthy that the background and 
fundamentals provided by Chapter 3 also enables the development of temperature and humidity sensors based 
on stress-optic effects on the fiber under torsion and similar approach was made to propose a novel torque 
sensor, which was applied in a SEA’s spring. Since one of the drawbacks in intensity variation sensing 
approaches is the lack of multiplexing capabilities, a cost-effective multiplexing technique was also proposed 
in this chapter, which was validated at quasi-distributed and multiparameter scenarios. 
 Chapter 5 presented the development of FBG sensors inscribed in CYTOP fibers through direct write 
plane-by-plane inscription method using an fs laser (centered at 517 nm). In this case, compensation techniques 
(based on the results of CYTOP characterization in Chapter 3) as well as thermal treatments for the fiber were 
made and the performance enhancement using these techniques were verified for strain, temperature and force 
applications. The temperature effects on force sensing using FBGs were also compensated and the dynamic 
effects on different frequencies were evaluated and compensated for FBG-based curvature sensors.  
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Regarding the applications, besides the aforementioned spring, it was also proposed the complete 
instrumentation of the ALLOR with sensors for human-robot interaction forces assessment and joint angle 
measurements as depicted in Chapter 6. After the positive feedback of the multiplexing technique proposed in 
Chapter 4, a 3D-printed insole was proposed with 15 independent sensors. The proposed insole not only is a 
low-cost and highly customizable device (due to the materials and methods employed), but also is the insole 
with optical fiber sensing technology with the highest number of sensors, where the number of sensors on the 
proposed insole is more than two times higher than the ones of the FBG-based insole proposed (6 sensors 
[218]). Thus, in this specific case, and regarding the multiplexing capabilities, the proposed multiplexing 
technique outperforms FBGs, where FBGs are regarded as gold standard for spatial resolution and multiplexing 
capabilities among optical fiber sensors. Nevertheless, the developments and breakthroughs in FBG sensors 
shown in Chapter 5 have led to the applications of FBG sensors in assistive devices, where the force sensors 
were embedded in 3D-printed flexible structures for human-robot interaction forces assessment and FBG 
arrays were applied in SEA’s spring and SW. In every proposed application, the multiplexing capabilities of 
FBGs were considered for multipoint (in the SEA’s spring) and multiparameter (in SW) measurements. In all 
analyzed scenarios, the application of FBG arrays resulted in either higher precision of the sensor system or 
the increasing of compactness and reduction of the cost per sensor in a healthcare device, with the additional 
advantage over intensity variation-based sensors regarding the wavelength-encoded data, which is insensitive 
to light source power fluctuations. 
7.2. Future Works 
This Thesis paved the way for a multitude of applications in healthcare devices as well as novel sensing 
approaches taking into account the material mechanical properties. For these reasons, many research fields and 
future works are available on each of the 3 keystones of the Thesis (material characterization, intensity 
variation-based sensors and FBG sensors), many of these works are already under investigation.  
The future works perspectives for the material characterizations shown in Chapter 3 are listed as follows: 
 Characterization of POFs with different materials; 
 Characterization of novel 3D-printed POFs; 
 Development of new polymer optical fibers using environmental-friendly techniques; 
 Investigation of POF mechanical properties after the FBG inscription using UV nanosecond pulsed 
and CW lasers; 
 Investigation of the UV radiation influence on the material response of different POFs; 
 Analysis of different dopants for POFs and their influence on the material properties under different 
conditions of UV radiation; 
 Analysis of the POF fabrication parameters such as pulling force and extrusion temperature and their 
influence on POF viscoelastic response; 
 Characterization of photoelastic constant and thermo-optic coefficients in different POFs. 
The future works involving intensity variation sensors (Chapter 4) are listed below: 
 Analysis of intensity variation-based sensors under higher frequency regime; 
 Intensity variation-based sensors in acoustic and ultrasound applications; 
 Low cost biochemical sensors based on POF material features; 
 Novel applications in healthcare devices; 
 Applications in soft robotics; 
 Investigations of tendon-driven actuators using POFs; 
 Development of 3D sensors for movement analysis 
 Further applications of the proposed multiplexing technique for POF intensity variation-based sensors. 
Finally, regarding perspectives of future works using FBGs inscribed in POFs: 
 Application of the compensation approaches in non-uniform gratings; 
 Development of novel portable and low cost FBG interrogators; 
 Smartphone integration with FBG sensors; 
 Applications of the FBG-based curvature sensor in robotics and movement analysis; 
 Investigations of the spectral response of FBGs under different loading conditions for innovative 
sensing solutions; 
 Novel cost-effective techniques for grating inscription. 
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Appendix A. Analytical Model for Intensity Variation POF Sensors 
Based on Macrobending 
This section presents an analytical model for dynamic bending of a POF, which is based on the geometrical 
optics approach combined with the stress-optic analysis and viscoelastic models. The validation is performed 
for the dynamic bending case with two different experimental setups: one using a goniometer for quasi-static 
tests and another using a servomotor for dynamic measurements. Moreover, the analyzed POF curvature 
sensors have different lateral section parameters and are analyzed under different angular velocities. The 
analysis of different POF sensors in different experimental setups and different dynamic conditions prove the 
robustness of the model. 
Geometric optics Model 
A typical macrobending-based POF sensor employs a POF with a lateral section, which creates a sensitive 
zone to increase the sensor sensitivity and linearity of the signal attenuation when the fiber is bending. As the 
bending occurs, the incident angle increases and creates a variation on the transmission mode. When the 
sensitive zone of the fiber is bending, there are more losses due to the absence of the cladding in that region, 
increasing the radiation losses. Another source of loss is the surface scattering caused by the coupling between 
higher and lower guided modes [161]. 
Figure A-1 shows the fiber geometry considered in the POF sensor modelling. This figure is out of scale, 
since the diameter of fiber core is not much smaller than the cladding part as observed in practical perspective. 
The sensitive zone along the curvature region is represented by the section length given by c. The polished 
side with section depth of removed material on the fiber core is denoted by p. The optical fiber length in Figure 
A-1 is given by L, meanwhile the optical fiber diameter is d, and the curvature radius is R. This will compose 
the sensitive zone for sensing the curvature. 
 
 
Figure A-1 Section view of the POF sensor analyzed. 
The optical power coupled to the POF sensor is modeled under geometrical optics concepts, as considered 
by [219], and written as: 
  dSdLdP  )sin()cos(2 0 , (A.1) 
where ( dP ) is an element power radiated into a solid angle d subtended by a section ( dS ) at an angle ( d ). 
0L is the light source radiance. The integration of Eq. A.1 over the cross-sectional area gives the input power 
of the model. Equation A.2 presents the result of this integration, where a  is the optical fiber core radius, and 
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Assuming uniform mode distribution, where the light source has constant radiance, it can be defined [220] 
from the parameters of Figure A-1, the difference of the fiber core cross sectional area (Sc) and the maximum 

















Equation A.3 defines the cross section of the sensitive zone, which is critical for the evaluation of the 
optical fiber sensitive zone power (PS). PS can also be defined as the remaining power when it enters the 
sensitive zone, i.e., 
  )(sin)(
2
0 coCS SSLP   . (A.4) 
Furthermore, a loss of power due to partial transmission can occur when the light meets the side-polished 
interface [220]. Since this is a dielectric media, the losses are calculated through the Fresnel’s equations and 
the reflection coefficient (










 , (A.5) 
where 
PPr  is reflection of the perpendicular rays defined in Eq. A.6 and PLr is the reflection of parallel rays 

























































  (A.7) 
Considering multiple reflections can be observed inside the sensitive zone of the fiber, the number of 












The combined effect of the power losses when the rays enter the sensitive zone and the losses due to the 







0 )sin()cos()(  (A.9) 
Equation A.9 shows the output power for a fiber without bending. In order to account the bending, the 
integral upper limit has to be corrected to evaluate the effect of the fiber bending by a certain angle. The fiber 
has a decrease on its numerical aperture when it is bending and the output signal decreases. The angle corrected 










   (A.10) 
By relating the ratio between the input and output power before and after bending the fiber with respective 

















 . (A.11) 
Analyzing Eq. A.11 together with Eq. A.3 and Eq. A.10 it is possible to see that only the curvature radius 
(R) will increase or decrease depending upon the positive or negative bending and the bending angle. 
Therefore, such expression relies only on the curvature radius, which may not be an adequate approach for 
dynamic measurement and for a sensor under stress or strain condition due to viscoelastic effects thoroughly 
discussed in Chapter 3. 
Stress-optic effects modelling 
The model does not include any effect of the load on the fiber. When the fiber is bending there is a 
symmetric second-rank stress tensor with six independent variables acting on it [162]. Moreover, the elements 
of the tensor are not constant due to the viscoelasticity of the POF material. Viscoelastic material has a 
relationship between stress and strain varying with time due to its molecular rearrangement, which dissipates 
part of the accumulated energy leading to a time varying tensor [59]. Therefore, the viscoelastic effect has to 
be taken into account on the stress-optic analysis. In addition, some assumptions have to be made for the stress-
optic analysis. First, the second-order effects due to temperature changes are neglected. Furthermore, the model 
is valid only for step-index POF, which is also considered transparent, homogenous, and isotropic [162]. 
Although there are minor differences between the optical behavior along the fiber and perpendicular to it due 
to the anisotropy induced on the fabrication processes, these differences for a PMMA fiber are not very large 
and are difficult to measure [221]. 
The stress-optic effect is described by a second-rank tensor ( iB ) to represent the changes of coefficients 
in optical indicatrix under the action of the bending stress [162]. Equation A.12 defines the stress-optic relation 
aforementioned. 
  jii qB , , (A.12) 
where σ is the stress, jiq , is the stress-optical tensor, which is a fourth-rank tensor with 36 components. 
However, the isotropy assumption reduces the number of independent variables to only two (
11q  and 12q ). The 
values of the elements of the stress-optical tensor depends on the material of the fiber core and it can be 
measured through the experimental setup presented in [222]. Equation A.13 shows the stress-optic tensor for 












































q  (A.13) 
Although the fiber has a shear stress component, most of the stress acting on it is an axial stress. Therefore, 
in order to simplify the stress tensor, it is possible to apply a correction on the Young’s modulus of the material 
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to cover the effects of the shear stress [223]. Equation A.14 shows the expression for the corrected Young’s 
























EE a  , (A.14) 
where
*E is the corrected dynamic Young’s modulus,
*
aE  is the uncorrected Young’s modulus, 
* is the 
material Poisson ratio, d  and L are defined in Figure A-1 and represent the fiber diameter and length, 
respectively. However, the fiber length generally is some orders of magnitude higher than the fiber diameter. 
For this reason, the quadratic term in Eq. A.14 is almost zero. Since the Poisson ratio of the materials typically 
lie on the range 0.3 to 0.5, the second term of the summation continues to be close to zero. Hence, the corrected 
Young’s modulus is close to the uncorrected one. In addition, the stress tensor depends on the load condition 
on the fiber. One considers the fiber under a bending stress with the configuration of Figure A-2. 
 
Figure A-2 Polymer optical fiber under the bending stress condition. 
Regarding Figure A-2, x is the distance between the bending part to the neutral line, and   is the bending 
angle. For this stress condition, the only component of the tensor different from zero is the axial stress on the 
z direction. The multiplication of the stress tensor and the stress-optical tensor gives the following results for 
iB  (Eq. A.15-Eq. A.18). 
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B   (A.19) 
The combination of Eq. A.15-Eq. A.19 result in the variation of the refractive indexes xn , yn , and zn  






















  (A.22) 
As discussed in [59], the Maxwell model is the simplest among the differential models. Moreover, it can 
predict the response of a POF with good degree of approximation [156]. In the Maxwell model, the total strain 
( ) is the sum between the strain due to the elastic effects and the one due to viscous effects. Equation A.23 












where *E is the Young’s modulus, and  is the polymer viscosity. However, the strain is kept constant and 
the polymer viscosity is a multiplication between the Young’s modulus and the polymer time constant [156]. 
Hence, substituting the viscosity term and solving the differential equation (Eq. A.23) for constant strain yields 
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where  is the time constant and 0  is the initial stress. The time constant can be obtained from an exponential 




0   (A.25) 
The Young’s modulus of a viscoelastic material has two components: elastic or storage component and the 
loss modulus. The dynamic Young’s modulus is the summation of the two components (Eq. A.26). 
  )sin()cos( 00
*  iEEE  , (A.26) 
where 0E is the static Young’s modulus and  is the phase shift between the input stress or strain and the 
viscoelastic response. 
Substituting Eq. A.26, Eq. A.25 and Eq. A.24 in Eq. A.20-Eq. A.22, it results in the refractive index 
variation of a POF under a bending stress condition, which can be substituted in Eq. A.10 and Eq. A.11 to 
provide the attenuation on the optical signal in a fiber during the bending. The jacket of the fiber does not have 
any influence on the optical part of the model. Moreover, the cladding part also does not have a major 
importance on the model derived in this section due to its small diameter compared with the core [162]. 
Experimental validation 
The model presented in previous sections is validated. In order to show the robustness of the model, two 
different setups for two different tests are made. First, the results for a quasi-static test are shown, and then, 
the results are presented for a dynamic test. 
Quasi-static tests 
The quasi-static test is made by fixing a multimode HFBR-EUS100Z POF (Broadcom Limited, Singapore) 
step-index PMMA POF on a plastic goniometer through 3D printed supports. The test comprises of bending 
the fiber on sequential 10° steps for flexion in 0-90° range. The fiber remains on the desired angle for 10 
seconds. However, the test bench applied in this case is a goniometer with supports for the fiber. The samples 
were fabricated with section depth of 0.7 mm and section length varying from 5 mm to 40 mm on 5 mm steps 
interval. It is important to notice that the fiber lateral section is made taking into account the core, cladding 
and jacket parts of the fiber. Therefore, the presented section depths are made with respect to the fiber jacket. 
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Three consecutive tests were made for each sample. In these tests, the best and worst results are discarded. In 
order to simplify the analysis and avoid the electrical circuit modeling, the output signal of the experiments is 
normalized with respect to the signal of the fiber in straight position (no bending). The same procedure is made 
on the calculated values.  
The POF sensor output is calculated by substituting the fiber parameters in Eq. A.3, the critical angle is 
obtained by the well-known Snell’s law. Since the refractive index changes with the fiber bending, the core 
refractive index value is updated in every model iteration. The changes in core refractive index is obtained by 
the parameters in Eq. A.26, Eq. A.25, and then Eq. A.24 to obtain the stress on the fiber. Furthermore, the 
resultant stress is substituted in Eq. A.22 to obtain the refractive index of the core in this iteration. After 
obtained the updated critical angle, this result has to be substituted in Eq. A.10. Finally, the results in Eq. A.10, 
Eq. A.3, and the fiber parameters are substituted in Eq. A.11 to obtain the sensor output power. Table A-1 
shows the fiber parameters applied on the calculation. These parameters are obtained in components datasheet 
and reference works [162] and [102]. 
The time constant and the phase shift are calculated in each test. The results showed a variation of the time 
constant, its minimum value is 0.008 for the fiber with 5 mm lateral section length and its maximum value is 
0.013 for the fiber of 40 mm lateral section length. The analysis of the time constant show a linear increase of 
its value with the increase of the section length. The phase shift analyzed for each sample does not lead 
significant variations to the dynamic Young’s modulus, the cosine of the phase shift of every test was higher 
than 0.98. Therefore, for this test, the dynamic Young’s modulus value can be approximated as the static 
Young’s modulus. 
Table A-1 POF sensor parameters 
Symbol Parameter Value 
a  Fiber core radius 0.49 mm 
Cn  Core refractive index 1.492 RIU
 
Cln  Cladding refractive index 1.417 RIU 
p  Lateral section depth 0.3 mm 
0E  Static Young’s modulus 3.09 GPa 
11q  Stress-optical coefficient 10
-11 Pa-1 
The model obtained good results for each sample analyzed. The correlation coefficient (R2) is 
0.9913±0.0070. The found worst correlation coefficient was 0.9788 for the sample with 40 mm lateral section 
length. The loss of precision of the model in this case may be due accumulation of errors of the sample sensitive 
zone manufacture process, which can make the lateral section deviate in its depth and length and errors 
provided by the test itself. Since the process is made manually, some errors on the goniometer position or in 
the time that the fiber remains on the position may occur. The best correlation coefficient obtained was 0.998 
for the fiber with 25 mm section length (see Figure A-3).  
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Figure A-3 Results for the quasi-static test of the POF with 25 mm section length. 
Dynamic tests 
The test comprises in bending the fiber for flexion and extension in 0-100° range. In this case, USB-6008 
board (National Instruments, USA) makes the signal acquisition and the sample rate is 1 kHz. In order to 
validate the model under different dynamic parameters, the test was made with 11 different angular velocities, 
which were: 0.034 rad/s, 0.0426 rad/s, 0.0561 rad/s, 0.086 rad/s, 0.1105 rad/s, 0.1656 rad/s, 0.1959 rad/s, 0.262 
rad/s, 0.3906 rad/s, 1.5 rad/s, and 2.9 rad/s. It was made three flexion/extension cycles in each velocity. The 
POF employed in these tests has lateral section of 12.48 mm and depth of 0.66 mm. 
A good repeatability of the time constant and the phase shift was found, these parameters remain almost 
constant when the bending of one cycle is compared with the bending of the other cycle. However, the time 
constant and the phase shift are not constant in flexion and extension. The variation of these parameters is one 
of the causes of the hysteresis in flexion/extension analysis. Furthermore, the phase shift on the flexion is 
small, therefore the cosine of the phase shift is approximately 1 and the sine is about 0, in this case it is a good 
approximation to define the dynamic Young’s modulus equal to the static Young’s modulus. However, when 
the extension movement is occurring this approximation is not valid due to the higher values of the phase lag. 
Hence, besides the difference between the time constant of flexion and extension, the hysteresis of POF 
response is also due to the phase lag difference between the flexion and extension movements. 
The methodology used to calculate the fiber response is the same as presented in quasi-static tests. The 
fiber parameters are also the same as presented in Table A-1. Since the test bench provides higher repeatability 
of the test and almost eliminates the position errors, the correlation coefficient of the dynamic test is higher 
than the one obtained on quasi-static tests. The obtained correlation coefficient is 0.9938±0.0014. Furthermore, 
the standard deviation decreases, which proves the higher repeatability of the method. However, the dynamic 
tests’ results show that the model presents lower hysteresis than the hysteresis measured. This may be due to 
the oversimplification of the Maxwell’s model. Furthermore, the model estimates a lower response for the 
100° angle than the one measured. This happens due to the saturation trend of the sensor when the bending 
angle is higher than 90°, which is not considered by the model. In order to illustrate the dynamic response 
characteristics aforementioned, a test comprised of five flexion/extension cycles with angular velocity of 
1.5 rad/s was made (see Figure A-4). 
The analytical models previously presented for POF curvature sensor with sensitive zone are applicable 
only to static measurements [175], [219], [220]. Furthermore, it presents errors higher than the ones obtained 
on the analytical model proposed. The error was analyzed only in [220], which presented errors on different 
sensitive zone length and depth of about 3%, whereas the error of the analytical model for proposed dynamic 
bending is below 3% on the worst case among the range analyzed (0.034 rad/s). Therefore, besides the 
possibility of apply this model in dynamic measurements, it also show an error lower when compared to the 
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analytical model presented in [220]. The model presented in this Section is the basis for the development of 
the intensity-variation sensors of subsequent Section. In addition, the errors reported on hysteresis estimation 
also indicate the necessity of using the knowledge and data obtained in the fiber’s dynamic characterization 
(see Chapter 3) for the development of not only the compensation techniques presented in Section 4.2, but also 
on the microclimate and force sensors developed in Chapter 4. 
 
 






Appendix B. Sensitive Zone Parameters Evaluation 
The lateral section parameters influence the sensor performance. Different section length, depth, and 
surface roughness provide different sensitivity, hysteresis, and linearity on POF sensors. Furthermore, if the 
fiber is under stress, there is also the stress-optical effect, which causes a variation of the POF refractive index 
and leads to higher signal attenuation [162]. For this reason, the sensor curvature radius may also have 
influence on the sensor sensitivity, hysteresis and linearity due to the stress increase and viscoelastic effects. 
In order to understand each parameter influence, this section presents a thorough study of the lateral section 
parameters of a POF sensor with continuous sensitive zone. Moreover, analysis of the mechanical supports of 
the sensor are made by positioning the supports in different distances of the fiber center of curvature shown in 
Appendix A. The investigation is based on experimental results for POF curvature sensor with different section 
length, depth, surface roughness, and curvature radii. The sensor is bent dynamically in angles between 0 and 
90°. The sensor performance is evaluated with respect to the sensitivity, hysteresis, and linearity. The objective 
is to introduce guidelines for the choice of lateral section parameters and curvature radius. Furthermore, it 
presents a sensor response prediction in a POF based curvature sensor with sensitive zone. 
The dynamic test is made by fixing a multimode HFBR-EUS100Z POF (Broadcom Limited, Singapore) 
with step index profile (the same as Appendix A) on the test bed shown in Figure 4-2. The test comprises of 
bending the fiber for flexion and extension in 0-90° range. The fiber is bent on a constant angular velocity of 
about 0.095 rad/s. The bending angle is acquired by a potentiometer and the motor has a closed loop position 
controller. As the bending occurs, the light attenuation increases due the fiber curvature. The light variation is 
acquired by the photodiode (PD) IF-D91 (Industrial Fiber Optics, USA). The light source is a low cost 3 
mW@650 nm laser. A National Instruments USB-6008 board makes the signal acquisition and its sample rate 
is 1 kHz. Since possible fluctuations in the light source, temperature and humidity can lead to undesired 
response of the sensor, a reference fiber is applied to compensate such variations. Therefore, the sensor 
response is normalized with respect to the reference fiber response. In this compensation technique, the laser 
provides light for both fibers and these fibers are further split into the reference and transducer fibers through 
the light coupler (LC) IF-562 (Industrial Fiber Optics, USA).  Figure B-1 shows block diagram of the 
experimental setup described. 
 
Figure B-1 Experimental setup for dynamic test of the optical fiber curvature sensor. 
The fiber sensitive zone is created through abrasive removal of material. In other words, a sandpaper with 
controlled grain size is connected to a rotary tool, which is used to create the continuous section on the fiber. 
The process to obtain desired section length and depth comprises of positioning the POF on a fixed support, 
there is another part over this support, which limits the rotary tool advancement to the desired length and depth 
of the POF sensor (controlled support). The employed sandpaper grit sizes were 80, 120, 220, 320, 400, 600, 
and 800. Furthermore, the POF sensitive zone length tested were 3.25 to 31.66 mm. Upper and lower limits 
are chosen due to the rotary tool limitation and high attenuation on larger sensitive zones, respectively. In 
addition, the POF sensitive zone depth tested were 0.6 to 1.1 mm in 0.1 mm steps interval. The lower limit of 
0.6 mm is because the fiber has a polyethylene jacket and the lowest section depth to achieve the fiber core is 
0.6 mm. Since the POF total diameter is 2.2 mm, the upper limit is 1.1 mm because the fiber is very fragile in 
higher section depths and can break in high bend angle. Figure B-2 shows the equipment employed to create 
the POF sensor sensitive zone.  
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Figure B-2 Equipment to create the POF sensor sensitive zone. 
Three sets of samples were created. The first one (sample 1 to 7) has the section depth of about 0.6 mm 
and section length varying to 3.25 mm to 31.66 mm in approximately 5 mm steps with the sensitive zone 
created with a sandpaper grit size of 220. The second set of samples (sample 8 to 13) has the section length of 
about 25 mm and section depth varying to 0.6 mm to 1.09 mm in about 0.1 mm steps with the sensitive zone 
created with a sandpaper grit size of 220. Finally, the last set of samples (sample 14 to 20) presents a length of 
about 22 mm and depth close to 0.7 mm. In this case, the sandpaper grit size varies to create samples with 
different surface roughness. Since the sensitive zone parameters defined above are created with respect to the 
polyethylene jacket, Table B-1 shows the measured parameters of each sample manufactured with respect to 
the fiber jacket. The sensitive zone parameters are analyzed with respect to the core due to its influence on the 
response of the sensor. The analysis of the sensitive zone parameters is made with a constant curvature radius 
of 60 mm. 
As shown in Figure 4-2, the employed prototype has a series of holes to connect different mechanical 
supports. These supports enable the variation of the curvature radius of the sensor. The tested curvature radii 
were 60 mm to 25 mm in steps of 5 mm. The upper limit of the tested curvature radii is 60 mm due to the 
physical limits of the prototype employed, whereas the lower limit is 25 mm because it is the minimum 
curvature radius recommended by the fiber manufacturer. In order to isolate the effect of the sensitive zone 
parameters on the sensor response, the same fiber is applied in all tests. This fiber has a sensitive zone of 12.48 
mm length and 0.66 mm depth with a sandpaper grit size of 220 (Sample 12 – see Table B-1).   
Each sample is tested three times and the analysis are made with respect to the sensor sensitivity, hysteresis 
and linearity. The sensitivity is defined as the difference between the initial sensor response, when the fiber is 
at 0°, and the sensor response after the bending, when the fiber is at 90°, divided by the bending limits, which 
is 90° in this case (see Eq. B.1). Both initial and final sensor response are acquired in Volts (V) and the bending 
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where )( iPo   is the sensor response for the lower bound of the interval in volts, 0° in this case, and 
)( fPo   is the sensor response for the upper bound of the interval in volts, 90° in this case, f  is the upper 





Table B-1 POF Sensor sensitive zone characteristics 
Sample Length Depth Sandpaper grit size 
1 3.25 mm 0.63 mm 220 
2 7.36 mm 0.60 mm 220 
3 12.48 mm 0.66 mm 220 
4 16.25 mm 0.64 mm 220 
5 22.13 mm 0.65 mm 220 
6 26.19 mm 0.62 mm 220 
7 31.66 mm 0.66 mm 220 
8 18.63 mm 0.60 mm 220 
9 19.80 mm 0.67 mm 220 
10 21.62 mm 0.77 mm 220 





































The sensor hysteresis can be understood as the output signal difference due to the trajectory of the sensor 
movement [224]. In this case, it is the difference of the sensor response for flexion and extension cycles. For 
a viscoelastic material, the stress-strain response presents a hysteretic behavior for loading/unloading cycles, 
where the highest value of hysteresis is presented on the middle of the cycle [59]. Since the POF curvature 
sensor works with stress and strain applied on the fiber due to its curvature, sensor response is expected to 
present a similar behavior of the stress-strain curve for viscoelastic material presented in Figure B-3. (xfm,ymp) 
are the points of maximum hysteresis for the loading cycle and (xem,ymn) are the points of maximum hysteresis 
for the unloading cycle, which generally occurs at the middle of the cycle. For the fiber curvature case, the 
loading cycle is the joint flexion movement, whereas the unloading cycle is the joint extension movement. 
 
Figure B-3 Typical stress-strain curve for a viscoelastic material. 
Since the maximum hysteresis for viscoelastic materials typically occurs on the middle range of the cycle, 
the maximum hysteresis (see Eq. B.2) is obtained through the ratio between the vertical distance of flexion 
and extension linear approximations curves [224].  mpmn YY   is the distance between the flexion and 
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extension curve on the middle point of the curve and )( MinMax YY    is the difference between the maximum 












Hysteresis                                        (B.2) 
Furthermore, the sensor linearity is estimated as the correlation coefficient between the sensor responses 
to its corresponding linear regression curve. The closer it gets from one, the higher is the sensor linearity. 
The presented analyses are divided in section length, section depth, surface roughness, and curvature radii. 
The samples 1 through 7 are the ones employed on the section length analysis. The samples 8 through 13 were 
applied in section depth analysis. Moreover, samples 14 through 20 are employed on the surface roughness 
analysis. Finally, sample 12 was applied on the curvature radius analysis.  
Sensitive zone length analysis 
Three consecutive tests were made with the samples 1 through 7. Good repeatability was found for the 
sensitivity and linearity parameters. However, the hysteresis exhibits higher fluctuation. Therefore, the best 
and worst result are discarded (see Figure B-4(a) and (b)). Figure B-4(a) shows the hysteresis and sensitivity 
for each section length, it is possible to apply a polynomial regression with the well-known least squares 
method, which results on a second degree polynomial with correlation coefficient (R2) higher than 0.98 for 
hysteresis and higher than 0.94 for sensitivity. 
 
(a)                (b) 
Figure B-4 (a) Hysteresis and sensitivity for sensitive zone length of 3.25 mm through 31.66 mm. (b) Linearity for 
different POF sensor section length. The correlation coefficient with the second-degree polynomial is 0.9948. 
Referring to Figure B-4(a), the sensitive zone with lower hysteresis is 16.25 mm, the hysteresis presents a 
downward trend until reach its minimum point, after this point starts to increase again. The hysteresis is high 
with small section length due to the different accommodation of the polymer under flexion and extension, 
which means that the polymer have a range of relaxation times instead of a single value of relaxation time 
[156]. There are three different values for the material properties: the one of the core, the properties of the 
jacket, and the different properties presented by the sensitive region due to the fiber cross sectional area 
variation caused by the material removal. The relationship between these three different material 
characteristics can cause different viscoelastic accommodation under dynamic bending tests. Moreover, the 
hysteresis increases again with section length above 16.25 mm because there is more material removed, which 
leads to more attenuation of the optical power and more fragility of the sensor. Therefore, with less removed 
material, the fiber is more resistant for some of the stress tensor components than the fiber with more material 
removed, which can lead to higher deviations between the flexion and extension response for the fiber with 
higher section length and increase of the hysteresis. Moreover, these different material properties and stress 
tensor components also generate the variations of the hysteresis of the same sample under different tests.  
A similar behavior of the hysteresis analysis is observed in the sensitivity response. However, on the 
sensitivity analysis, it has a point of maximum sensitivity on 16.25 mm of section length, after that, it starts to 
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decrease. After the 12.48 mm of section length, the increase of the sensitivity is very small. The same happens 
when the sensitivity starts to decrease after the 16.25 mm section length until it reaches the 26.19 mm. After 
that, it has a considerable decrease again. The minimum sensitivity is found on the minimum section length, 
this happens due to the lower dimensions of the sensor sensitive zone length. As the sensitive zone length 
increases, the sensor sensitivity also increases due to the higher surface area of signal attenuation. Nevertheless, 
it reaches its maximum value and starts to decrease. This can be due the saturation of the output signal due to 
the high attenuation caused by higher length on the sensitive zone. 
The last sensitive zone length analysis is the linearity evaluation. It is of paramount importance that the 
sensor has linear variation with the measurand, since the sensors with exponential behavior, for example, may 
present a saturation trend that can limit its dynamic range. The linearity evaluation is made by the analysis of 
the correlation coefficient of the linear regression for each sample. As observed on the sensitivity analysis, 
there is a good repeatability of the sensor linearity in each test. The POF sensor linearity behavior can be well 
approximated by a second-degree polynomial (see Figure B-4(b)). The linearity behavior is similar to the 
sensitivity. However, the sensor exhibit higher linearity in lower sensitive zone length. The maximum linearity 
is found on the interval between 7.36 mm and 16.25 mm of section length. In higher sensitive zones, the 
linearity has a considerable decreasing, which is associated with higher influence of non-principal stress tensor 
components on the fiber response. Moreover, this negative correlation between sensor linearity and sensitive 
zone length can be related to a nonlinearity of the signal attenuation due to higher section lengths. Therefore, 
higher sensitive zone lengths can lead to lower sensor linearity. The sensor sensitive zone length capable of 
provide the highest sensor sensitivity is on the interval between 12.48 mm and 22.13 mm, whereas the highest 
linearity is for the lateral section length between 7.36 mm and 16.25 mm. Furthermore, the lowest hysteresis 
was found on the sample of 16.25 mm of lateral section length. 
Sensitive zone depth analysis 
Three consecutive tests were made with the samples 8 through 13. Once again, the hysteresis shows more 
variation than the other sensor performance parameters. Moreover, the hysteresis exhibits the same behavior 
as presented in the sensitive zone length analysis. Although the hysteresis is lower than the ones of the section 
length experiment, it also has a downward trend until reach its minimum value, and starts to increase again 
(shown in Figure B-5(a)). Therefore, it can be approximated by a second-degree polynomial with a correlation 
coefficient of 0.9703. The minimum hysteresis was found in 0.95 mm section depth, whereas its maximum 
value is associated with the 0.6 mm section depth, which is the minimum depth that actually increases the 
sensor sensitivity. 
The POF sensor sensitivity has a linear behavior with the increase of section depth and the correlation 
coefficient obtained was 0.9714, which represents a strong correlation. The maximum sensitivity was found 
on 0.6 mm section depth. One reason of this behavior can be the higher attenuation caused by higher material 
removal, which can lead to lower variation between the maximum and minimum signal amplitudes due to the 
fact that the signal is already too attenuated. For example, the sample 13 has its initial response (when the fiber 
is not bent) of 0.75 V. When the fiber is bending, it cannot decrease too much, for this reason, the maximum 
sensitivity for this sample is 8.3 mV/°. However, the signal does not reach the 0 V due to the sensor saturation 
and the sensitivity obtained is 6.8 mV/°. Therefore, an intuitive assumption that the increase the section depth 
will always increase the sensor sensitivity is not truth, because higher section depths lead to higher attenuation 
and, after a certain angle, the signal does not decrease much. This sensor saturation trend at higher angles when 
the section depth increase also leads to lower sensor linearity.  
Figure B-5(b) shows the sensor linearity changes due to the increase of the sensitive zone depth. The 
linearity reduction can be approximated by a second-degree polynomial, the correlation coefficient is 0.9801, 
which shows a sharp decrease of the linearity when the section depth is higher than 0.95 mm. As 
aforementioned, the linearity decrease is associated with the sensor saturation trend in angles higher than 60°. 
An analysis of the linearity of the POF sensor with section depth higher than 0.95 mm shows a linearity of 
about 0.9915 on the interval between 0 and 60° and 0.9676 when the interval is 60° to 90°. Therefore, a POF 
curvature sensor with sensitive zone depth higher than 0.95 mm is only feasible for angles below 60°. 
The hysteresis, sensitivity, and linearity analysis show a trade-off of the sensor sensitive zone depth choice. 
Although a section depth of 0.95 mm shows the lowest hysteresis, the highest sensitivity and linearity among 
the samples tested occur when the sensitive zone depth is 0.6 mm. Therefore, it is necessary to analyze the 
desired parameters for each sensor application before choose the sensitive zone parameters. 
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(a)                (b) 
Figure B-5 (a) Hysteresis and sensitivity for sensitive zone depth of 0.6 mm through 1.09 mm. The results can be 
approximated by a second-degree polynomial. (b) Linearity for different POF sensor section depth. The correlation 
coefficient with the second-degree polynomial is 0.9806. 
If only the lateral section depth is analyzed, the lateral section depth of 0.60 mm provides the highest 
linearity and sensitivity, at the same time. However, this lateral section depth provides the highest hysteresis 
among the ones tested. Therefore, there is a trade-off on the decision of the section depth parameter. Applying 
the same weight for the hysteresis, sensitivity and linearity, the lateral section depth chosen is 0.60 mm. 
Sensitive zone surface roughness analysis 
One of the attenuation mechanisms of the POF sensor is the surface scattering on the sensitive zone, and 
the assumption here is that it depends on the sensitive zone surface characteristics. Therefore, the section 
surface roughness provides different sensor response. For this reason, the samples 14 through 20 are tested and 
the sensor hysteresis, sensitivity, and linearity are analyzed. The surface roughness is assessed as the sandpaper 
grit size employed for the sample manufacturing. 
The hysteresis has a negative correlation with the sandpaper grit size until the 600-grit size and a slightly 
increase on sample 20 (800-grit sandpaper). Although the second-order polynomial is presented in Figure 
B-6(a) due to its higher correlation coefficient (R2=0.9951), it is also possible to approximate the results as an 
exponential decay curve. In this case, the correlation coefficient is 0.939. Since the difference between the 
hysteresis of the samples 19 and 20 is not large, it is possible to say that as the sandpaper grit increases, the 
hysteresis decreases. This behavior can be explained by the reduction of the surface scattering when the 
sensitive zone has a smoother pattern. Since the surface scattering can have a non-uniform behavior, a surface 
with lower roughness presents a similar response under flexion and extension, which provides lower sensor 
hysteresis. Figure B-6(a) also shows the sensor sensitivity variation with respect to the sandpaper grit size. The 
sensor sensitivity relation with the surface roughness also can be approximated by a second-degree polynomial. 
However, there is a point of maximum sensitivity at the 400-grit size, which is about the midpoint of the grit 
size analysis. Therefore, if the grit size is low, the surface roughness is high. For this reason, the surface 
scattering increases and the sensor response is attenuated, which leads to lower sensitivity due to the output 
power saturation. Nevertheless, if the grit size is high, the surface roughness is low and there is a decrease on 
the surface scattering. Since the surface scattering is one of the attenuation mechanisms of the sensor, its 
excessive reduction implies on sensor sensitivity decrease. 
The POF curvature sensor linearity is evaluated with respect to sandpaper grit size. Figure B-6(b) shows a 
complementary behavior between hysteresis and linearity, which is a positive correlation between the sensor 
linearity and the sandpaper grit size until the 600-grit size sandpaper and a slightly decrease on sample 20 
(800-grit size), whereas the hysteresis decreases until the sample 19 (600-grit size sandpaper). This behavior 
also can be explained as the non-uniform behavior of the surface scattering leading to a decrease of the sensor 
linearity. Another explanation is the high signal attenuation on rough surfaces, which leads to a saturation trend 
of the POF curvature sensor on angles above 60°. 
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(a)                (b) 
Figure B-6 (a) Hysteresis and sensitivity for different POF sensor sensitive zone roughness (samples 14-20), which is 
represented as the sandpaper grit size. (b) Linearity for different POF sensor sensitive zone roughness. 
The sensitive zone surface roughness analysis shows that sandpaper with higher grit sizes are preferable 
when the objective is to obtain the lowest hysteresis and highest linearity. However, higher grit sizes do not 
provide high sensitivity for the sensor. Therefore, there is a trade-off between these parameters, which has to 
be analyzed prior to the sensor sensitive zone design. In the analysis of surface roughness, the sandpaper grit 
that achieved the best value of sensitivity was 400 and, for the linearity, the sandpaper grit is 600. Since the 
parameters of surface roughness that result on the high sensitivity and linearity are close, the choice for this 
sensitive zone parameter is simple. The values of the linearity between the sandpaper grits of 400 and 600 were 
close, whereas the value of sensitivity has higher difference between these two sandpaper grits. In addition, 
the lowest hysteresis was found on the sample made with sandpaper grit of 600. For these reasons, the 
sandpaper grit size for the sensor manufacture that may provide the best response on the POF curvature sensor 
is 600. 
POF sensor curvature radius analysis 
If the curvature radius is reduced, the stress increases, which leads to higher variation of the fiber refractive 
index. Therefore, the sensor is more sensitive to curvature with lower curvature radius (as shown in Figure 
B-7(a)). The effect of the curvature radius variation with the sensor sensitivity can be well approximated with 
a linear equation through the least squares method. Figure B-7(a) shows the hysteresis for each curvature 
radius, it is possible to apply a polynomial regression, which results on a second degree polynomial with 
correlation coefficient (R2) higher than 0.98. Since the hysteresis depends on the viscoelastic response of the 
material, its correlation with the curvature radius is not direct as the sensitivity. One reason for this behavior 
is a non-uniformity of the viscoelastic response with the curvature. In other words, the viscoelastic parameters 
also have variation with the curvature angle applied for each test due to the higher stress rates when the fiber 
has higher angles and lower curvature radii, which may increase the hysteresis [154]. However, it is possible 
to see that the hysteresis is high for curvature radii lower than 45 mm and sharply decreased when the curvature 
radius is higher than 45 mm. The decrease observed on the interval between 45 mm and 60 mm is related to 
the reduction of the stress on the fiber, which also reduces the viscoelastic response of the POF. 
Figure B-7(b) shows the sensor linearity changes due to the increase of the curvature radii. The linearity 
can be approximated by a second-degree polynomial, being the correlation coefficient of 0.984. Since the 
viscoelastic response is not linear [148], the linearity of the sensor with lower curvature radius is also lower. 
However, when the curvature radius is high, the dominant attenuation mechanism is the radiation loss due to 
the macrobending. Nevertheless, this attenuation mechanism alone may not be as linear as when combined 
with the stress-optical effect. Therefore, the linearity has a second order behavior and the maximum value of 
this parameter, among the curvature radii tested, is shown on the middle of the curvature radius range tested. 
The curvature radius analysis is not straightforward as the sensitive zone parameters analysis. The curvature 
radius of 25 mm has highest sensitivity among the curvature radii analyzed, whereas the highest linearity is 
found on the curvature radius of 45 mm. In addition, the lowest hysteresis was found on the curvature radius 
of 60 mm. Since there is a large interval of values, a multi-objective genetic algorithm optimization [225] is 
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applied to obtain a smaller range of curvature radii that provide low hysteresis and, at the same time, high 
sensitivity and linearity. The results of the optimization were in the range of 28 mm to 42 mm. Therefore, this 
interval of curvature radii provide the best balance between linearity, sensitivity and hysteresis among the ones 
tested. 
 
(a)                (b) 
Figure B-7 (a) Hysteresis and sensitivity of the sensor with different curvature radii. The correlation coefficient between 
the results for the sensitivity analysis is 0.9888 and 0.9852 for the hysteresis analysis. (b) Linearity of the sensor with 
different curvature radii. The correlation coefficient between the results is 0.9843. 
As presented in Figure B-4-Figure B-7, the relation between the sensor performance (hysteresis, sensitivity 
and linearity) and its sensitive zone parameters and curvature radius can be approximated by a second-order 
polynomial in all cases except sensitivity variation with respect to sensitive zone depth and curvature radius, 
Figure B-6(a) and Figure B-7(a), respectively. The similarity between the results presented may be related to 
the high range of parameters tested, which leads to a saturation of the sensor response that usually results in a 
decrease of the sensor performance. For this reason, each sensitive zone parameter may present a range of 
values that leads to lower hysteresis and both high sensitivity and linearity. 
In summary, the analysis of the sensitive zone parameters and curvature radius resulted in a POF curvature 
sensor with sensitive zone length of 15.05 mm, depth of 0.65 mm with the sensor manufactured with a 
sandpaper grit size of 400. Furthermore, the curvature radius of this sensor is 40 mm, which is in the range of 
curvature radii aforementioned. Figure B-8 shows the response of the optimized sensor on flexion/extension 
cycles. In order to present the sensor hysteresis on this cycle, the response is shown with respect to the reference 
angle measured by the potentiometer. 
Analyzing the sensor with these lateral section parameters and curvature radius, it was obtained a sensor 
with sensitivity of about 20.9 mV/° and linearity of 0.9992. The mean hysteresis of this sensor is below 1%. 
The results of sensitivity, linearity obtained with the optimized sensor are higher than the ones obtained in 
reference works [111], [165]. Although not measured on these reference works, the hysteresis obtained on the 
optimized sensor seems to be lower than the ones of [111], [165]. 
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Appendix C. Compensation Technique Based on Angular Velocity 
The hysteresis of POF sensors can be reduced by annealing the fiber [178]. The fiber annealing comprises 
of keeping the fiber at a temperature close, but below its glass transition temperature for more than 12 hours 
[180] or it can be made at room temperature with solution-mediated that leads to a reduction of the polymer 
glass transition temperature as presented in [226]. Furthermore, annealing at high RH (about 90%) can improve 
the sensor sensitivity and reduce the hysteresis for sensor applications, especially in temperatures higher than 
50°C  [180]. In order to achieve the hysteresis reduction, the POF employed as curvature sensor was annealed 
in a climate chamber at 80°C for 24 hours. Although it leads to a mean hysteresis reduction of about 30%, the 
sensor still presents hysteresis of about 2%. For this reason, it is necessary a dynamic compensation technique 
for POF curvature sensors based on intensity variation capable of reduce the sensor hysteresis. 
The high hysteresis of the POF sensor may be related to the polymer viscoelasticity. This effect causes a 
phase lag between the excitation and its response and a tendency to relax when it is under stress. Therefore, 
polymers do not have a constant response to stress or strain with different velocities of movement and this 
effect is related to the polymer molecular rearrangement [156]. For this reason, it is possible that the hysteresis 
of POF curvature sensors is associated with the polymer relaxation and the phase lag (see Chapter 3). The 
polymer viscoelastic response also depends on the time that the stress or strain is applied [184]. This means 
that the behavior of a POF sensor may be different for long periods of relaxation [184] and, for dynamic tests, 
the viscoelastic response may be related to the frequency of movement or its angular velocity. 
In order to overcome these limitations, this section proposes a dynamic compensation technique for the 
hysteresis of a POF curvature sensor. The proposed technique comprises of an experimental model relating the 
sensor angular velocity and its response for angular velocities up to 3.4 rad/s, which results on a calibration 
equation that can be applied in real-time measurements. The sensor root mean squared error (RMSE) and 
hysteresis are compared for the sensor response with and without the compensation technique. 
Experimental analysis  
The flexion and extension tests were made with a multimode PMMA POF (HFBR-EUS100Z, Broadcom 
Limited, Singapore) with different angular velocities in the interval of 0 to 90°. In this study, the sensor was 
designed with a POF with 1 mm of diameter, which does not require high precision tools for connecting with 
the power source and acquisition electronics. These advantages lead to a system with lower cost and easier to 
install than the single mode POF sensors [41]. The control of cleaving parameters like temperature, speed and 
angle are important for good cleaving of POFs [91]. Such control is easier to be made in fiber with larger 
diameters, where the cleave is made with a razor blade perpendicular to the fiber as presented in [41] with the 
razor blade IF-FC1 (Industrial Fiber Optics, USA). For the lateral section of the fiber, the sectioned region is 
polished with a sandpaper with controlled grit size to guarantee a smooth surface as presented in [111]. Since 
the sensor sensitive zone parameters have influence on the sensor response (see Appendix B), the sensitive 
zone parameters are kept constant. The sensitive zone length of the sensor is 15.05 mm and the depth is 0.65 
mm as experimentally verified in previous sections. The POF sensor curvature radius also influences the 
hysteresis response as presented in previous sections. In order to minimize this influence, the curvature radius 
is about 40 mm in all tests (optimized parameters following Appendix B). The experiments done to obtain the 
dynamic compensation are made with nineteen angular velocities between 0.02 rad/s and 3.4 rad/s. Each test 
is performed three times for each angular velocity proposed and the mean value is analyzed. 
Dynamic compensation technique 
Figure C-1 presents the block diagram of the dynamic compensation technique proposed, which results on 
calibration equations for flexion and extension relating the sensor angular velocity and measured voltage with 
the angle. The method for obtaining these equations are divided in two parts: one for the hysteresis 
compensation and another for the error reduction. 
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Figure C-1 Dynamic compensation technique block diagram. 
The hysteresis compensation may lead to higher errors on the sensor measurement in some cases. For this 
reason, there is an error compensation phase after the hysteresis compensation. The aim is to reduce both 
hysteresis and RMSE of the POF curvature sensor when compared with the sensor response without these 
compensation phases. The parameters shown on the block diagram of Figure C-1 are presented on Table C-1, 
which describes the parameter and indicates its role on the compensation technique i.e. if it is a result, input or 
characterization parameter. Each parameter presented in Table C-1 is further discussed and estimated on the 
next sections. 
Table C-1 Parameters employed on the dynamic compensation technique 
Symbol Parameter description Parameter Role 
measV  Measured Voltage Input 
  Angular Velocity Input 
1compV  Hysteresis compensated voltage Characterization 
a  Linear regression parameter between measured and 
hysteresis compensated voltage 
Characterization 
b  
Linear regression parameter between measured and 
hysteresis compensated voltage 
Characterization 
h  Estimated hysteresis Characterization 
2compV  
Error compensated voltage Characterization 
refC  
Reference parameter for error compensation Characterization 
1C  Parameter for error compensation Characterization 
2C  Parameters for error compensation Characterization 
  Dynamic compensated angle Output 
 
Referring to Figure C-1, the hysteresis compensation phase comprises of the blocks ‘f1’, ‘f2’ and ‘f3’. The 
analysis is made considering a reference angle provided by the potentiometer. This reference angle, is 
converted into reference voltage through the calibration equation obtained on a quasi-static test, which is 
represented in Figure C-1 as the block ‘f6’. A model relates the reference voltage, the sensor voltage response, 
and the estimated fiber angular velocity to obtain a compensated voltage, which is further converted into angle 
after the error compensation phase. The steps made to obtain the models of the blocks ‘f1’, ‘f2’ and ‘f3’ are 
discussed as follows. 
The first step of the technique is to perform quasi-static tests on the sensor. The quasi-static tests are 
performed for calibration purposes and allow obtaining a calibration curve with the lowest influence of the 
sensor angular velocity. In order to do so, the quasi-static characterization is made in angles of 0 to 90° in steps 
of 5°. The fiber is positioned on the desired angle for a period higher than 5 seconds, which is higher than the 
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PMMA POF relaxation time and time constants (see Section 3.3). Therefore, it characterizes a quasi-static test. 
The mean response of the sensor at each angle is obtained and a calibration curve is derived. The calibration 
equation obtained on quasi-static tests is applied for convert the reference angle into reference voltage, which 
is compared with the measured voltage to obtain a linear regression relating the measured and the reference 
voltage. By doing so, the measured voltage (Vmeas) is an input of a model that enable to obtain the hysteresis 
compensated voltage (Vcomp1), which results in two equations, one for flexion (represented by the subscript ‘f’) 
and other for extension (represented by the subscript ‘e’). These flexion and extension equations compose the 
block ‘f3’ and are presented in Eq. C.1 and Eq. C.2, respectively. 
ffmeasffcomp bVaV  ,,1 ,             (C.1) 
eemeaseecomp bVaV  ,,1 .                (C.2) 
However, the coefficients a and b of each equation are different at their respectively angular velocity (ω). 
For this reason, the presented linear regression is made for each angular velocity, among the angular velocities 
tested. The coefficients obtained for flexion presented high correlation in a linear regression with the sensor 
angular velocity (correlation coefficient higher than 0.9). Similarly, the coefficients for extension also 
presented a correlation coefficient higher than 0.9 in a linear regression with the sensor hysteresis (h). Eq. C.3-
Eq. C.6 represent the block ‘f2’ of Figure C-1 and provide the equations for obtaining the coefficients of the 
linear regression presented in Eq. 4.29 and Eq. 4.30.  
042.103609.0  fa ,             (C.3) 
2655.009913.0  fb ,           (C.4) 
039.102018.0  hae ,            (C.5) 
2604.006682.0  hbe .          (C.6) 
Nevertheless, the hysteresis of the sensor response is related to its velocity. Therefore, Eq. C.7 presents the 
relation between the sensor hysteresis and its angular velocity. This equation is shown in Figure C-1 as the 
block ‘f1’. 
252.110104.9 17.85   h .          (C.7) 
Since the presented hysteresis compensation may increase the errors of the POF sensor, an error 
compensation phase is proposed. It comprises of the blocks ‘f4’, ‘f5’ and ‘f6’ of Figure C-1. The main equation 
of this compensation is presented in block ‘f4’. The input of this model is the hysteresis compensated voltage, 
which is compared with the reference voltage. However, in this case, it is compared through an equation similar 
to the Williams-Landel-Ferry (WLF) equation employed on the TTS principle, which is applied to account the 
shift effects of loads with different frequencies on the polymer response [150] (see Chapter 3). Nevertheless, 
a different application of this equation is proposed here. In this case, the shift between the reference voltage 
and the hysteresis compensated voltage is evaluated and it is added to the hysteresis compensated voltage to 
correct possible drifts of the sensor response caused by the hysteresis compensation or from the POF sensor 
response. By doing so, two equations for the error compensation of the POF sensor are obtained, once again, 
one for flexion and another for extension, Eq. C.8 and Eq. C.9, respectively. These equations represent the 


























 .        (C.9) 
In order to obtain the material constants C1 and C2, the shift is evaluated at two reference voltages (3.5 V 
and 2.6 V) to obtain a linear system of two equations to calculate the material constants at each angular velocity 
of the sensor. Furthermore, a reference constant (Cref) is chosen at each analysis. However, the material 
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constants are different at each velocity. For this reason, a linear regression between the sensor angular velocity 
and each constant is made, which results in five different equations Eq. C.10-Eq. C.13 and these equations 
represent the block ‘f5’ of Figure C-1, 
01575.07536.0  refC ,          (C.10) 
900.16268.0,1  fC ,         (C.11) 
65.6119.19,2  fC ,           (C.12) 
4546.01381.0,1  eC ,        (C.12) 
98.22275.7,2  eC .             (C.13) 
Finally, the block ‘f6’ of Figure C-1 is the equation relating the error compensated voltage (Vcomp,2) with 
the angle (α). This equation was obtained through the quasi-static tests, since it results on an equation with the 







                 (C.14) 
The calibration equation with the proposed compensation technique is obtained for flexion movement by 
substituting Eq. C.3 and Eq. C.4 on Eq. C.1, which are applied on Eq. C.8 with the parameters obtained in 
Eq. C10- Eq. C.12 that is further applied in Eq. C.14. An analogous process is made to obtain the calibration 
equation for the extension movement. In this case, the angular velocity is substituted on Eq. C.7, which is 
employed to obtain the parameters of Eq. C.5 and Eq. C.6. These parameters are employed on Eq. C.2 to obtain 
the hysteresis compensated voltage that is applied on Eq. C.9 with the results of Eq. C.10, Eq. C.12 and 
Eq. C.13 to estimate the error compensated voltage. Finally, the error compensated voltage is applied on 
Eq. C.14 to obtain the angle.  
Comparison between the POF sensor response with and without the 
compensation technique 
Combining Eq. C.1- Eq. C.14 it is possible to obtain two calibration equations, one for flexion and one for 
extension case. The POF curvature sensor flexion and extension equations are applied on the sensor response 
at each angular velocity and at each cycle as well to obtain a compensated response of the sensor. In contrast, 
only Eq. C.14 is applied on the sensor response at each angular and at each cycle to obtain a response without 
compensation, which is the commonly employed approach for POF curvature sensor of this type [111], [165]. 
The proposed dynamic compensation technique was able to reduce hysteresis or RMSE in all angular 
velocities tested. The hysteresis of the sensor response with the compensation technique is reduced in about 
20%, whereas the RMSE with the compensation technique is reduced in about 3 times. Therefore, not only the 
sensor hysteresis is lower, but the error is reduced with the compensation technique application. Figure C-2(a) 
shows the sensor response with the compensation technique for the first cycle of the test with constant angular 
velocity of 0.09 rad/s, whereas Figure C-2(b) shows the sensor response without the compensation technique 
proposed. The POF sensor with the compensation technique has a hysteresis of about 0.44% and a RMSE of 
about 1.0°, which is lower than the one presented without the compensation technique (hysteresis of 0.6% and 
RMSE of 6.8°) and is lower than the ones presented in reference works [111], [165]. 
Although the hysteresis reduction was not high in the case shown in Figure C-2, the RMSE is greatly 
reduced. On the one hand, it has some cases that the hysteresis is not decreased but the RMSE is. On the other 
hand, there are cases with the hysteresis reduction, but with the increase of the RMSE. This may be due to the 
fact that viscoelastic parameters of a material are not constant, it has a range of values instead [156]. However, 
in all cases both the increase of the hysteresis or RMSE with the compensation technique is not high. Actually, 
it is lower than reference works with POF curvature sensors and also lower than the errors obtained with 
different technologies for angle assessment [163]. Moreover, in most cases both hysteresis and RMSE is 
reduced. Table C-2 shows the comparison between the POF sensor response with and without the 
compensation technique with respect to the sensor hysteresis and RMSE for all velocities tested. The angular 
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velocity that leads to the higher hysteresis and RMSE reduction is 0.82 rad/s (see in bold – Table C-2), which 
can be related to the best correlation between the predicted hysteresis and angular velocities with the measured 
hysteresis among the velocities tested, which leads to a better performance of the compensation technique. 
 
(a)                (b) 
Figure C-2 POF curvature sensor response for constant angular velocity of 0.09 rad/s. (a) Response with the 
compensation technique. (b) Response without the compensation technique. 
Since there is a large interval of angular velocities, from 0.02 rad/s to 3.41 rad/s, it may be difficult to 
obtain a single calibration equation that reduces both error and hysteresis in the whole interval analyzed. 
However, the dynamic compensation technique guarantees the reduction of the RMSE or hysteresis in all 
angular velocities tested. Referring to Table C-2, there are five angular velocities that the compensation 
technique was not able to reduce the hysteresis, namely 1.05 rad/s, 2.99 rad/s, 3.21 rad/s, 3.24 rad/s and 
3.31 rad/s. Viscoelastic parameters have a range of values instead of a single one [156]. Therefore, a possible 
reason for the hysteresis increase in these angular velocities is related to the variation of the viscoelastic 
parameters, which can lead to higher variability of the hysteresis. For this reason, it is possible that the 
hysteresis was out of the range of hysteresis predicted by the compensation technique. However, in these 
velocities, the RMSE was reduced in half, at least, whereas there are two angular velocities that the RMSE 
was not reduced with the dynamic compensation technique. Nevertheless, the hysteresis was reduced in these 
cases. Therefore, the compensation technique proposed is a feasible technique for the compensation of the 



































0.02 3.18% 1.06% 2.07 2.32 
0.03 2.51% 0.42% 3.45 1.98 
0.04 2.01% 0.016% 3.75 1.80 
0.06 2.15% 1.56% 9.05 1.64 
0.09 0.60% 0.44%  6.79 1.15 
0.10 1.57% 0.89% 3.00 4.01 
0.17 0.45% 0.092% 6.99 1.91 
0.34 0.46% 0.14% 7.06 1.68 
0.43 1.69% 1.23% 6.69 1.05 
0.57 2.12% 1.89% 7.11 1.03 
0.82 0.23% 0.071% 6.61 1.76 
1.05 2.09% 3.05% 3.17 1.59 
1.61 1.93% 0.25% 8.28 1.69 
2.99 0.96% 3.34% 9.16 3.18 
3.14 1.47% 0.95% 9.93 2.71 
3.21 0.31% 2.95% 7.90 2.81 
3.24 0.22% 2.41% 6.55 2.90 
3.31 1.18% 1.62% 9.07 2.89 





Appendix D. Torque Characterization 
As discussed in Appendix A, when the fiber is under stress, there is a variation on its refractive index due 
to the stress-optic effect. This effect is described by a second-rank tensor that represents the changes on the 
optical indicatrix under a predefined stress as presented in [162]. Such variation of the refractive index leads 
to a variation of the critical angle and the number of modes in the fiber. For the case of fiber torsion presented 
































 ,           (D.1) 
where μ is the material shear modulus, γ is the torsion angle, x and y are the directions of the Cartesian plane 
defined in Figure D-1. 
 
Figure D-1 POF under torsion stress. 
The sensor needs a fiber submitted to a constant torque to enhance its sensitivity to temperature and RH 
variations. For this reason, different torques were applied on the fiber to characterize their influence in the POF 
output power. The torque is applied by rotating the fiber in a predefined torsion angle in the directions shown 
in Figure 4-6. Since the refractive index variation is directly proportional to the torsion angle [162], it is 
possible that a higher angle leads to a sensor with higher sensitivity. Furthermore, if the torque is applied in a 
different direction, it is expected that the power variation will also occur in a different direction, which 
demonstrates the sensor polarity, i.e., it can distinguish the increase or decrease of the temperature and 
humidity. In order to enhance the sensor sensitivity, a lateral section is made on the fiber, which consists of 
polishing the side of the fiber to remove its cladding and part of the core using the optimized parameters 
defined in Appendix B.  
Four different torques are tested. Two of them are in clockwise direction and the other two are in 
counterclockwise direction. Figure D-2 shows the results of the torque characterization. The torsion angles 
indicated as τ1 and -τ1 are related to approximately the same torsion angle with τ1 in the clockwise direction 
and -τ1 in the counterclockwise direction. The same approach is made for τ2 and -τ2, in which the torsion angles 
τ0, τ1 and τ2 are 0°, 15° and 45°, respectively. However, the toque presented on τ2 is lower than the one of -τ2, 
since the POF’s response will be too attenuated if a torque of same magnitude as -τ2 is applied. The region of 
Figure 4-6 related to τ0 is the POF’s response without the application of torsion stress. In addition, the peak 
between τ1 and τ2 is related to a torque relaxation on the process of applying the higher torque τ2. 
Referring to Figure D-2, the response’s transitions around 280 s and 400 s are related to the process of 
applying the torque on the fiber and due to its viscoelastic behavior. The polymer viscoelasticity causes the 
transient behavior of the response in 280 s and 420 s, in which there is a sudden increase followed by the 
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polymer relaxation when the torque is applied, as characterized in [34-35]. It is worth to mention that the 
polymer relaxation is an intrinsic behavior of the POF used, which occurs for all the torques tested. Since this 
effect becomes more evident with the strain increases, there is a larger variation of the POF’s response in 
higher torsion angles. As long as the sensor is isolated from external mechanical disturbances, when the torsion 
angle τ1 is applied there is a stabilization of the voltage after about 150 seconds. Since such polymer relaxation 
can be affected by the temperature, the temperature’s level was kept at around 24°C, what led to a lower 
variation of the polymer’s viscoelastic behavior. 
 




Appendix E. POF-based Insole for In-shoe GRF Measurements 
During FES-assisted Gait 
Aiming at the advantages of POFs in sensor development discussed and demonstrated in previous sections, 
this sub-section proposes the application of POF sensors in an insole for the vertical GRF measurement. The 
measuring system is based on four intensity variation based POF sensors positioned on an insole. The 
compensation for the polymer creep response developed in Section 6.3.2.2 is also applied in this case. 
Moreover, the sensor is based on the intensity variation with the response acquired by one photodetector, which 
means that the sensor response acquired by the single photodetector is the sum of the contribution of each 
sensor, instead of the individual response of each sensor that can be acquired if the number of photodetectors 
is equal to the number of sensors. For this reason, the sensors need to have similar sensitivity in order to reduce 
the errors and guarantee that each sensor has the same contribution on the response acquired by the 
photodetector with the advantage of lower cost than the FBG-based insoles presented in [50], [218], [227], 
[228]. After the characterization, the sensor is tested in two experimental setups. First, experimental are 
performed in quasi-static conditions for the assessment of the center of mass forward displacement. The 
proposed POF sensor response is compared with a commercial force platform as reference. The second setup 
involves dynamic conditions, where the subject is asked to walk with the device, demonstrating the advantages 
of the developed insole sensor for gait analysis purposes. Then, there is the application of the POF-based insole 
on the gait phase identification in an FES system for gait assistance, which is used to identify five gait events, 
assisting the actuation of the FES controller. 
Sensors operation principle and characterization 
In this study, the POF employed is made of PMMA with a core diameter of 980 µm, a cladding of 
fluorinated polymer with 20 µm thickness and a polyethylene coating that results on a total diameter of 2.2 mm 
for the fiber considering its coating (as applied in the previous sections). The sensors are placed on the insole 
as shown in Figure E-1. Sensor positions on the insole are chosen based on the spots with higher plantar 
pressure during gait [228]. Each POF sensor has a lateral section, namely the sensitive zone, which is made by 
removing the cladding and part of the core to increase the sensor sensitivity. The lateral section length, depth 
and surface roughness, as well as the curvature radius have influence on the sensor sensitivity as shown in 
Appendix B. The curvature radius is defined here as the distance between the sensitive zone center and each 
support that fixes the fiber on the insole. These parameters are carefully chosen in order to obtain similar 
sensitivity in all four sensors. The side-polished region is placed facing the insole surface. When each sensor 
is pressed, there is a curvature on the sensitive zone, which leads an output power attenuation proportional to 
the angle of the curvature. Furthermore, when the sensor is under stress, there is a variation of the fiber 
refractive index due to the stress-optic effect [162]. The variation of the refractive index also leads to the power 
attenuation of the sensor as depicted in previous sections. 
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Figure E-1 Bottom of the insole with the POF sensors positions. 
Since the POF sensors are attached to the insole, when the plantar pressure is applied on the insole, it will 
be a deformation of such material that causes a displacement of each POF sensor with respect to the insole. 
The displacement of the POF sensors lead to the optical power attenuation, where most of the stress is applied 
on the insole material, which is also a polymer. However, the polymer is a viscoelastic material and the 
response to the stress applied varies with time [19]. Nevertheless, the stress response of the POF can be divided 
in static and transient components through the Maxwell’s Model (see Appendix A), where the same procedure 
depicted in Section 6.3.2.2 is applied on each sensor of the proposed instrumented insole. 
After three consecutive tests with each sensor, the sensor normalized response after the load application is 
fitted in an exponential model to obtain the polymer time constant. By doing so, the inverse of the time constant 
obtained is 0.0019±0.0005 s-1. Although the polymer time constant is a range of values instead of a single one, 
the time constants of the sensors 2, 3 and 4 are close and the highest difference on the time constant is due to 
the sensor 1. Figure E-2 shows the application of the viscoelastic compensation on sensor 2. The comparison 
between the reference signal from the force sensor, the uncompensated and compensated signals show the 
feasibility of the technique presented. Since the characterization of the sensor viscoelastic response is made 
with the sensor positioned on the insole, it also accounts for the viscoelastic response of the insole material. 
For this reason, this viscoelastic compensation technique can be applied to different insole materials, where 
the difference will be related to the time constant of each material. 
 
Figure E-2 Viscoelastic compensation technique applied on sensor 2. 
Thereafter, the sensitivity of each sensor can be estimated. In order to obtain the sensor contribution of 
each sensor on the GRF response, it is desirable that they have similar sensitivities. For this reason, different 
forces are applied at each sensor to characterize its output power variation with an applied force on the range 
of 0 N to 50 N with steps of 10 N. The test is made by positioning calibrated weights on the top on each sensor. 
Figure E-3 shows the sensor’s response to the loads employed. 
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Figure E-3 Signal attenuation of the sensors under compression loads and the sensitivity of each sensor. 
The sensitivity of each sensor is related to the slope of the sensors linear regression. Referring to Figure 
E-3, the sensor 1 has the highest sensitivity, whereas sensor 2, 3 and 4 have almost the same sensitivity. This 
behavior can explain the fact that sensor 1 has the higher deviation of the time constant when compared with 
the other sensors. Nevertheless, the sensitivity of the sensor 1 is close to the ones of the sensors 2, 3 and 4. 
Table E-1 shows the design parameters of each sensor. 
Table E-1 POF sensors design parameters. 
Sensor Length Depth 
Curvature 
Radius 
1 12.80 mm 0.66 mm 9.65 mm 
2 10.50 mm 0.72 mm 17.25 mm 
3 9.71 mm 0.60 mm 14.00 mm 
4 11.00 mm 0.68 mm 8.70 mm 
    
Experimental setup for the POF-embedded insole validation 
The sensors with design parameters presented in Table E-1 and with the positions and insole presented in 
Figure E-1 are positioned inside a shoe as presented in Figure E-4. The employed light source is a LED IF-
E97 (Industrial Fiber Optics, USA) with central wavelength at 660 nm. The POF power variation is acquired 
by the photodiode IF-D91 (Industrial Fiber Optics, USA) with a transimpedance amplifier. The system is 
powered by a 9 V battery and the sensor response is acquired by a microcontroller that saves the data in a SD 




Figure E-4 POF sensors for in-shoe measurement of vertical GRF. 
The presented system is applied in quasi-static tests for the assessment of the center of mass displacement 
and on dynamic tests for the gait analysis. Both quasi-static and dynamic tests were performed with two 
subjects: one male of 98 kg and one female of 54 kg to show that the POF-embedded insole is capable of 
operate with a large range of body mass.  
Quasi-static tests are made to verify if the sensor is capable of track the center of mass movement on 
sagittal plane. The displacement of the center of mass generates a variation on the vertical GRF, which is 
measured by the sensors. In order to obtain a validation of the proposed instrumented insole, a commercial 
force platform (EMG system, Brazil) is employed on the quasi-static tests. Figure E-5 presents the 
experimental setup for the quasi-static tests, where the proposed insole is positioned on the center of the force 
platform. 
 
Figure E-5 Experimental setup for the quasi-static tests with the POF insole and the force platform. 
The protocol for the quasi-static tests on the sensor comprises of three phases: the first phase is to place 
the foot on the ground with the heel strike position. The second phase is to lean the body forward to dislocate 
the center of mass forward. Then, the heel loses contact with the ground and the third phase takes place. Besides 
the evaluation of the feasibility of the sensors to detect the center of mass variation in sagittal plane, the quasi-
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static test also can indicate if the sensor is capable of measuring the vertical GRF on a gait cycle. Since 
proposed the protocol has the forward movement of the body center of mass similar to the one presented in 
gait cycle, it is expected an M-shaped pattern, which is characteristic of the vertical GRF in gait cycles [155]. 
After the validation on the force platform, the in-shoe monitoring of the vertical GRF is made on dynamic 
tests. For these tests, both subjects are asked to walk on a straight line for about 60 m.  
Quasi-static tests 
Figure E-6 shows the result obtained in this test. The protocol was repeated for 30 seconds and good 
repeatability was obtained. Moreover, the sensor presented the typical pattern of the vertical GRF during gait, 
but with higher times at each cycle, due to the nature of the test. Referring to Figure E-6, the POF sensors are 
capable of measuring the variation of the center of mass. However, it presents only the combined effects of the 
four sensors employed. For this reason, it may be not possible to separate the effects of each sensor on the total 
response, which means that the movement in both directions and on the lateral plane may not be assessed. If 
the goal is to define the movement of the center of mass in both planes, it is necessary to employ four 
photodetectors, one for each sensor, which results in a less compact system and increase the complexity of the 
signal acquisition and analysis. Therefore, there is a tradeoff on the application of these sensors. On the one 
hand, the application of only one photodetector for the signal acquisition limits the ability of the system to 
detect lateral and backward movements. On the other hand, the setup is more compact, less intrusive, easier to 
implement and has lower cost. 
 
Figure E-6 POF sensors response and force platform measurement for the quasi-static tests with the male subject. 
Since the body center of mass moves mainly forward on the gait cycle, the application of only one 
photodetector can track this movement and the vertical GRF during the gait can be estimated, which is the aim 
of this system. The test result presented in Figure E-6 was obtained with the male subject that has a body mass 
of 98 kg, which means a force of about 960 N. The dashed lines are an approximation of the regions that 
represent each of the three phases of the quasi-static test. The correlation coefficient (R2) between the force 
platform and the POF insole is 0.95, which means a strong correlation between both approaches. The test 
performed with the subject of 54 kg presented a RMSE of 7.48 N, which may be related to the differences of 
foot positioning on the platform during the tests. Although there are only four sensors on the POF insole, these 
sensors are positioned on the points of higher plantar pressure [15]. For this reason, the proposed sensor is 
capable of tracking the differences of the vertical GRF and may be used to detect gait events. In addition, the 
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POF insole can also be applied to monitoring the GRF of pathological gait, since it presents high correlation 
and low RMSE when compared with the force platforms, which are commonly applied to that end in 
pathologies such as knee osteoarthritis [229], low back pain [230] and patients after hip arthroplasty individuals 
[231]. Therefore, the proposed system may be suitable to track abnormal GRF patterns of such individuals. 
Gait analysis 
For the gait analysis, the insole is positioned on the shoe as presented in Figure E-4. Figure E-7 presents 
the results obtained for the female subject. Since the ground reaction forces occur only on the stance phase, 
the measured normalized variation of the forces is plotted with respect to the stance phase. When the GRF is 
zero, at the end of the stance phase, the swing phase starts. The bottom of Figure E-7 presents the foot position 
at each subdivision of the stance phase. 
 
Figure E-7 Gait cycle analysis with the POF insole, where HS is the heel strike, MA is the maximum weight 
acceptance, FF is the flat foot phase, HO is heel off and TO, toe off. 
The results shown in Figure E-7 demonstrate the feasibility of the system for the gait analysis. The vertical 
GRF presents the M-shape, which is the typical pattern broadly study throughout the years [155]. Moreover, 
it is possible to separate all the subdivisions of the stance phase. Although a marked point on Figure E-7 
represents each phase, some phases can be represented as an interval due the dynamic behavior of a gait cycle. 
The HS phases starts when the heel touches the ground. When the first peak of load is measured, the MA phase 
is reached. Then, the foot starts to rotate with the ankle as a pivot until reaches the FF phase, where the foot is 
at straight position. The foot continues its rotation until the heel losses contact with the ground, which is 
referred as the HO phase. In this point, there is another peak of load, since all the body weight is transferred to 
the metatarsal region. The last phase is TO when the foot losses contact with the ground and the swing phase 
starts. Although Figure E-7 presents the test with the female subject, the same pattern was found for the male 
subject. 
In order to show the system repeatability, Figure E-8 presents the first five gait cycles of the female subject 
on the dynamic tests for in-shoe vertical GRF monitoring. In this case, the stance phase represented more than 
70% of the gait cycle due to the gait velocity of the subject on the test. If the velocity is slow, the stance phase 
takes higher percentage of the cycle, whereas, when the velocity starts to increase, the stance phase represents 
a smaller amount of the gait cycle [207]. The quasi-static and dynamic tests with subjects with such weight 
difference prove that the proposed insole can be applied to a higher range of subjects. Similar repeatability was 
found on the tests with the male subject of 98 kg. 
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 Since POFs present a strain limit of about 10 times higher than the one of silica fibers [41], the proposed 
POF insole can be applied to people with higher body mass than the insole based on silica fibers, which is 
especially desirable due to the relation between obesity and pathologies that affect the gait [232], [233]. 
Furthermore, the proposed insole is compact, low cost, flexible and can be embedded on a shoe, which enables 
its application for healthcare [4] and soft robotics [234]. In addition, the higher resilience and fracture 
toughness of POFs also may enable its application on the assessment of jump kinematics. 
 
Figure E-8 In-shoe monitoring of sequential gait cycles 
Gait phase detection on gait assisted by FES 
Different configurations of FES systems may be used for gait assistance. In one of the pioneering works, 
which has led to a commercial product, quadriceps stimulation for locking the knee during stance and peroneal 
nerve stimulation for leg flexion were employed [235]. In our work, bilateral FES-induced quadriceps and 
hamstrings contractions are used to emulate knee function during gait. A programmable multichannel 
stimulator is used (Rehastim 2, Hasomed, Germany), and electrical stimuli is applied using self-adhesive 
5x10cm electrodes. Wearable sensors are used to detect gait cycle phases, enabling triggering stimulation at 
appropriate timing based on a finite state machine. After selecting individual FES parameters for each muscle, 
the test is performed on a treadmill with constant velocity. Figure E-9 shows the user with the electrodes and 
IMUs (3-space, Yost Labs, USA) positioned. 
 
Figure E-9 FES system for gait assistance 
The insole is then applied on the FES system. Since FES control is performed using a finite state machine 
based on each phase of the gait cycle, a low-cost and reliable system capable of identifying such gait events 
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will be of great benefit. Currently, the gait identification is accomplished with the positioning of two IMUs on 
each lower limb and the gait event is identified through the knee angles measured with the IMUs. However, 
IMUs presents sensitivity to electromagnetic fields [27], which is a major disadvantage in the case of the FES, 
since the electric current can harm the IMU operation. For the tests performed in a treadmill, the 
electromagnetic interference can be even higher due to the treadmill’s electric motor activation. In addition, 
IMUs need to be calibrated and carefully attached on the subject’s skin [27]. Since the FES electrodes also 
need to be carefully attached on the skin, the system preparation with FES electrodes and IMUs can be a time-
consuming process. Aiming to overcome these limitations, a POF insole is applied on the FES system (see 
Figure E-9). The proposed POF sensor is able to acquire the ground reaction forces during gait, which can be 
applied to detect gait events [15]. The POF system presents immunity to the electromagnetic field that can be 
generated on the FES operation and enable an easy and fast system preparation, since the subject only needs 
to put-on the shoe with the embedded POF insole. 
The POF insole is applied on the tests with the FES for gait assistance (see Figure E-9). The subject with 
the FES, IMU and POF insole positioned is asked to walk on a treadmill for about 2 minutes with the FES 
control system. Figure E-10 presents the results obtained for 3 sequential gait cycles, where each gait phase is 
represented on the figure. The proposed POF insole is able to identify more gait events. In addition, it presents 
high repeatability. The possibility of detecting more gait events can enhance the control of the FES system, 
since it will be possible to add more states on the finite state machine, potentially providing a more precise 
control for the FES. 
 





Appendix F. Influence of the Stress-optic Effect on POF Intensity 
Variation-based Sensors 
In order to verify this assumption, the POF sensor is bent in angles from 0 to 100°. Since the fiber is at 
straight position and the distance between the supports on both ends of the POF is 40 mm, the stress on the 
fiber is lower than in the condition of the spring deflection measurements presented in Figure F-1. In such 
conditions, the fiber is at 180° and the distance between the supports is about 9 mm, which leads to a higher 
stress on the fiber. Figure F-1 shows the response when the fiber is under a curvature of 0° to 100° with constant 
velocity of 0.0561 rad/s. 
 
Figure F-1 POF sensor response in 0 to 100° bend with angular velocity 0.0561 rad/s. The dashed line represents the 
angle of 90°. 
Referring to Figure F-1, there is a clearly saturation trend when the angle is higher than 90°. However, in 
Figure 6-15 the sensor has a response almost linear with the fiber under curvature angles of 180° of the POF 
positioning on the spring (see Figure 6-13) plus the 10° of the spring deflection. The assumption of the 
difference between the sensor behavior in Figure 6-15 and Figure 6-16 is a higher influence of the stress-optic 
effect on the sensor response when it is submitted to higher stress. Since there is a relation between the stress 
and the refractive index variation, it is expected that if the stress-optical effect is dominant, the sensor response 
will show high attenuation even if it is submitted to angles above 90°. 
Another evidence for the assumption of stress-optic effect dominance is the static tests made on 
Section 6.3.2.2. In these tests, the sensor presents the characteristic response of viscoelastic materials on creep 
recovery or stress relaxation tests [59]. For obtaining the differences between static tests of the fiber placed on 
the spring (initial angle of 180°) and on the straight position, a static test is performed with the fiber on the 
straight position. In this test, the fiber is bent from straight position (0°) until 100° on steps of 5° and it remains 
at each position for 10 seconds. The results are shown in Figure F-2, which can be seen that the response does 
not show the characteristic response of viscoelastic material. When the fiber is at the straight position the 
stress-optic effect is not dominant and there is not an exponential decay of the POF response at each angle, 
which represent different levels of stress on the fiber. In other words, if the curvature angle increases, the stress 
over the fiber also increases. Therefore, Figure F-2 reinforces the assumption that the stress-optic effect is 
dominant on the response of the POF sensor placed on the torsional spring. 
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Appendix G. Results of Intensity Variation-based Microclimate and Force 
Sensors Characterizations 
The results obtained in the characterization of the microclimate sensors 1 and 2 are presented in Figure 
G-1(a) and (b) for temperature and humidity conditions, respectively. The results are presented with respect to 
the normalized POF power attenuation, in order to better visualize the sensitivity difference between the 
microclimate sensors. Such difference may be related to the fabrication process of the sensor either on the 
lateral section of the fiber or on the embedding process in the ABS structure. Nevertheless, it presents 
repeatability in all performed tests.  
Nevertheless, with the results presented in Figure G-1 it is possible to obtain the sensitivity of each sensor 
for temperature and humidity. Thus, K1,T and K2,T are 0.00076 (°C)-1 and 0.0037 (°C)-1, whereas K1,H and K2,H 
are 0.0021(%)-1 and 0.0012 (%)-1, respectively. Substituting these values in the matrix shown in Eq. 6.6, a 
determinant of 6.85×10-6 is obtained for the resultant matrix. Since the determinant is not null, the matrix is 
invertible and it is possible to apply Eq. 6.6 on the microclimate sensor responses and obtain the temperature 
and humidity. Furthermore, such sensitivity difference between both sensors are related to not only the 
sensitive zone length and depth, but also to the embedment conditions of each sensor. The differences in the 
sensor embedment can lead to a condition where each sensor is subjected to higher or lower stress. The stress 
on the sensor is directly related to its temperature and humidity sensitivities [236]. Therefore, it is possible to 
infer that microclimate sensor 1 is subjected to lower axial stress condition (due to its lower temperature 
sensitivity) [47] and higher shear stress condition, since its humidity sensitivity is higher, whereas the opposite 
occurs for microclimate sensor 2. 
Regarding the characterization of the force sensors, Figure G-2 shows the temperature and humidity 
responses of force sensors 1 and 2, where it can be seen that both sensors present temperature and humidity 
dependence, which lead to an offset on the force response of each sensor. Once again, the response of each 
sensor is presented as a function of the normalized power. In addition, the temperature characterization of both 
sensors is presented in Figure G-2(a), whereas the humidity response is depicted in Figure G-2(b). The linear 
regression of each sensor for temperature and humidity responses are also presented in Figure G-2(a) and (b), 
where b1,2(T,H) is shown in Figure 6-20. The differences between the sensors sensitivities are also related to 
the fabrication process and their embedment in the TPU structure. 
 
(a)                (b) 
Figure G-1 (a) Temperature characterization for the microclimate sensors. (b) Humidity response for the microclimate 
sensors. All results normalized with respect to the initial power. 
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(a)              (b) 
Figure G-2 (a) Temperature characterization for the force sensors. (b) Humidity response for the force sensors. 
After characterizing the offset in the force sensor response due to environmental variations, the force 
response of each sensor is obtained in three different conditions: constant temperature and humidity, variation 
of temperature and in two different humidity conditions. In this way, it is possible to evaluate the influence of 
the temperature and humidity in the force sensor sensitivity. In Figure G-3, the force characterization in 
different temperature and humidity conditions is shown for force sensors 1 and 2. 
 
Figure G-3 Force characterization under different temperature and humidity conditions for Force sensor 1 and Force 
sensor 2. 
The force characterization results show similar trend for both sensors 1 and 2 in which the increase in the 
temperature leads to an increase of the sensor force sensitivity, which was already anticipated in [197]. In 
contrast, the increase of the humidity results in a reduction of the sensor sensitivity with respect to the applied 
force. The reason for this behavior is related to the changes on the POF Young’s modulus under which 
environmental condition.  
As presented in Chapter 3, when there is an increase of the temperature, the Young’s modulus reduces, 
which leads to an increase of the stress in the fiber, resulting in an increase of the sensor sensitivity. On the 
other hand, when the humidity increases, the opposite occurs, i.e., there is an increase of the POF Young’s 
modulus and the stress on the fiber is reduced and, thus, decreasing the sensor force sensitivity. Additional 
force tests in the humidity and temperature ranges used in the sensors characterization with respect to those 
environmental parameters show a second-order polynomial behavior between the sensor force sensitivity and 
the environmental parameters (as also shown in [197]). The results of such polynomial regression are the 
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The last characterization for the force sensors is the creep response analysis, which is made by applying a 
constant load of 20 N on each sensor for 2 minutes. In this way, it is possible to analyze the stability of the 
sensors in an extended time period. By compensating the creep response, a POF sensor with higher stability 
can be obtained. The results are presented in Figure G-4, where an exponential regression was performed for 
each sensor response and the exponential term of Eq. 6.5 is obtained. In this way, the normalized sensor 
response is multiplied by an exponential term on the form exp(τ×t), where the time constant (τ) is obtained on 
the exponential regression of each sensor response and is also considered on the compensation of the creep 
response. There are some power fluctuations on the sensor responses, which can be due to slight deviations on 
temperature and humidity during the test. Nevertheless, the exponential regression on the responses of each 
sensor showed a correlation coefficient higher than 0.9 on both cases, which indicate that these fluctuations do 
not significantly affect the creep response evaluation.  The time constant of each sensor is also presented in 
Figure G-4, where the constant for the force sensor 2 is higher than the one of force sensor 1. This difference 
can be related to the variations in the fiber embedment conditions, since force sensors 1 and 2 have different 
structures. 
 
Figure G-4 Creep/relaxation tests with force sensors 1 and 2. 
Appendix H. Characterization of the FBG Array Embedded in TPU 
Structure for Human-robot Interaction Forces Assessment 
The theoretical background (depicted in previous sections) has led to the development of the 
characterization methodology for the FBG-embedded force sensors, for which the sensors are characterized 
with respect to force, temperature and the simultaneous variation of both parameters. One may now evaluate 
the force sensitivity variation as a function of temperature, and enable the compensation of the temperature’s 
influence on the sensor force response. The polymer response under a constant stress or strain is characterized 
by a creep (or recovery) that is described as a time-dependent viscous deformation when loading is applied 
[59]. An exponential regression was applied on the creep response, which was compensated by dividing the 
sensor response to the characterized time constant. It is worth to mention that the transverse force applied on 
the FBG also leads to birefringence and polarization effects, which causes a polarization dependent loss that 
increases linearly with the transverse force. Even though this principle was used on the development of 
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transverse force sensors [186], we considered only the wavelength shift caused by the applied force as shown 
in previous reported works for pressure [50] and force [212] sensors based on FBGs and described in 
Section 5.3 and 5.4.  
As the POF is embedded in another polymer (TPU structure), the tests for the sensors’ characterization 
have to be made for the whole structure in which the sensor is embedded. For this reason, each TPU structure 
(see Figure 6-40) with embedded FBGs is placed on the experimental setup shown in Figure H-1. The force is 
applied using calibrated weights positioned in the region indicated in Figure H-1, where the whole force is 
transmitted to the embedded FBG. These weights have a known mass and, thus, the applied force is also 
known. The range for the force characterization is up to 40 N (in 10 N steps) with a stabilization time of 5 
minutes, whereas for the creep response characterization, a force of 20 N is applied and the sensor response is 
monitored over 10 minutes and the time constant of the FBG-embedded structure is experimentally obtained. 
For the temperature characterization, the TPU structure (with the setup for force characterization) is positioned 
on top of a Peltier plate (TEC1-12706, Hebei IT), which has its temperature controlled by a temperature 
controller (TED 200C, Thorlabs). The range of the temperature test is from 25°C to 45°C, in steps of 5°C with 
a stabilization time of about 5 minutes. This temperature range was chosen to ensure human comfort as 
described in [6], given that the proposed support will be in contact with the user. Additional force 
characterization tests are made at different temperatures (30 °C, 35 °C, 40 °C) to evaluate the sensitivity 
variation of the force sensor. Hence, by considering the sensitivity variation as a function of the temperature, 
it is possible to compensate the temperature effects on the sensor response, as described in Section 5.4.  
 
Figure H-1 Experimental setup for the FBG sensors (embedded in the TPU structure) characterization. 
The results obtained in the force characterization at a constant temperature of 25 °C for FBG 1 and FBG 2 
(embedded in shank support 1 and 2, respectively) are presented in Figure H-2, where the sensitivities of 
57.8 pm/N and 63.1 pm/N were obtained for FBG 1 and FBG 2, respectively. In addition, the equations 
presented in Figure H-2 were obtained through the linear regression between the applied force and wavelength 
shift for FBGs 1 and 2. Compared to previous Section for which the force was directly applied on the fiber 
(without the 3D-printed structure), the obtained sensitivity was lower than the one without the TPU structure 
[196]. The reason for this behavior is the reduction of the strain transmitted to the fiber when it is embedded 
in a different structure. Moreover, the structure also influences the sensor linearity, which may be lower as a 
result of nonlinearities in the strain distribution along the TPU structure that are transmitted to the fiber. 
Comparing FBGs 1 and 2, the higher sensitivity of FBG 2 can be related either to the embedment process in 
the TPU structure or the differences on the material properties along the fiber, which may result from 
anisotropy and the annealing conditions. Although, the FBG 1 has lower force sensitivity, it also has higher 
linearity, which leads to lower errors in the force estimation.  
The second step in the sensors’ characterization is their temperature analysis without the influence of force. 
In this case, it is possible to estimate the offset that the temperature causes in the sensor’s response. Figure H-3 
shows the results of such temperature characterization for both FBGs. In contrast with the results obtained in 
force characterization, the temperature sensitivities for FBGs 1 and 2 (30.8 pm/°C, 27.8 pm/°C, respectively) 
are higher when compared with fiber that has not been embedded [44], [196]. Since the temperature increase 
also leads to a thermal expansion of the TPU structure, the thermally-induced strain in the structure is directly 
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transmitted to the FBG, which leads to an additional wavelength shift due to the TPU structure’s thermal 
expansion, resulting in higher temperature sensitivity for the embedded sensor. 
 
Figure H-2 Force characterization of FBG 1 (embedded in the shank flexible support 1) and FBG 2 (embedded in the 
shank flexible support 2) at constant temperature of 25 °C. 
 
Figure H-3 Temperature characterization of FBG 1 (embedded in the shank flexible support 1) and FBG 2 (embedded 
in the shank flexible support 2). 
After the temperature and force characterizations, each sensor is subjected to applied forces at different 
temperatures, in order to evaluate the force sensitivity variation as a function of temperature. Thus, the FBGs 
were characterized for different temperatures (30 °C, 35 °C and 40 °C) with the same force range (0 to 40 N) 
as used for the test at room temperature (25 °C). The results of the characterization at different temperatures 
for FBG 1 and 2 are presented in Figure H-4(a) and (b), respectively. In addition, the force sensitivity of both 
FBGs at each temperature is shown in Figure H-4(c). The results show an increase in the sensor sensitivity 
when the force is applied at higher temperature conditions, which is expected since the Young’s modulus of 
the fiber is reduced as the temperature increases [197]. However, the POF is embedded in a structure made of 
another polymer (TPU, in this case), which also has its own Young’s modulus dependency with temperature. 
For this reason, the sensitivity variation with respect to the temperature has some differences when compared 
with unembedded CYTOP (shown in Section 5.4). In this case, a linear regression for the sensors’ force 
sensitivities was obtained for each FBG, where the coefficients presented in Figure H-4(c) show a higher 
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temperature dependency on the force response of FBG 2, which can be related to minor differences in the 
embedment conditions.  
  
(a)                                                                              (b) 
 
(c) 
Figure H-4 (a) Force characterization at different temperatures for FBG 1. (b) Force characterization at different 
temperatures for FBG 2. (c) Force sensitivity as a function of the temperature for FBGs 1 and 2. 
For the last set of characterization tests, the FBGs were positioned on the experimental setup of Figure H-1 
and a constant force was applied on each FBG at constant temperature of ~ 22°C (room temperature). The 
sensor response is monitored for 5 minutes and an exponential regression was performed on the response of 
each FBG, as shown in Figure H-5. The creep response characterization of FBG 1 and 2 was not made at the 
same time due to operational limitations. Thus, the reason for the slightly increase on the wavelength shift of 
FBG 1 is related to an increase at room temperature of about 1°C on its characterization. In addition, if the 
material is thermorheologically simple, temperature variations will only lead to an offset on the polymer 
viscoelastic response [59]. It was demonstrated in [58] that PMMA behaves as a thermorheologically simple 
on the time and temperature ranges used on the sensor characterization. Since PMMA and CYTOP have 
similarities on the molecular structure, one can assume for simplification that the CYTOP is also a 




Figure H-5 Creep response and exponential regression for FBG 1 and 2 for 5 minutes. 
Applying the results and regressions of each characterization, one can obtain a characterization equation for 
each FBG in which the effects of creep and temperature are compensated. For this reason, the linear regressions 
for force response at room temperature for FBGs 1 and 2 are applied with the isolation of the force term (see 
Figure H-2). Then, the compensation for the creep response is applied in the measured wavelength shift (ΔλC), 
whereas the force sensitivity as a function of the temperature, as shown in Figure H-4(c), is also applied. The 
offset in the force response due to the temperature (Tr) is also considered by means of applying the temperature 





Appendix I. Numerical Analysis of the FBG Array on the Torsional Spring 
In order to evaluate the spring deflection at each of the points where the FBG sensors are placed, a 
numerical simulation is performed on the spring through FEM analysis using the Ansys Workbench 15.0. In 
the analysis, the outer cylinder is fixed, whereas a torque is applied on the inner cylinder (the one where the 
output shaft is placed). Figure I-1 shows the results obtained in the simulation for flexion (Figure I-1(a)) and 
extension (Figure I-1(b)), where a torque with same magnitude (20 Nm), but different direction (flexion and 
extension) was applied.  
 
(a)              (b) 
Figure I-1  Equivalent strain (m/m) on the spring under (a) flexion and (b) extension. 
The simulation results from Figure I-1 indicate that there is a strain variation in all points analyzed 
proportional to the applied torque (following Hooke’s law). It also shows the polarity of the strain, where the 
strain pattern is similar on flexion and extension cases, but with different directions. If the clockwise direction 
(flexion cycle) is attributed as the positive direction, the strain at the counter-clockwise direction has the same 
magnitude, but with the negative signal (indicating different direction). After verifying the spring behavior 
under flexion/extension cycles, another numerical analysis is made to verify the effect of an external force 
applied on the front plane of the spring (see Figure I-2). This transverse force acts as a mechanical disturbance 
on the system, which needs to be evaluated by the sensor array. Figure I-2 shows the strain on the spring after 
the application of an arbitrary transverse force, which has 5 N magnitude in the simulation.  
 
Figure I-2 Equivalent strain (m/m) on the spring under a transverse force of 5 N. 
The transverse force simulation shows that there is a stress concentration on regions close to the point of force 
application, which leads to higher strain in the FBGs close to this region. Thus, by analyzing the response all 
FBGs in the spring, it is possible to infer if the strain is caused by a transverse force or by the flexion/extension, 
since the position of each FBG is known. In this way, a simple and straightforward manner to analyze if the 
spring deflection is due to flexion and extension or transverse mechanical disturbances is to analyze the 
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differences on the wavelength shift of FBGs positioned on the spring. Then, compare it with the case where 
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